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A study was conducted to define a program for determining the zero gravity 
capabilities of the life support components and processes contained in the 
Langley Research Center Integrated Life Support system (ILSS). 
included three major tasks: the identification, and analytical evaluation of 
gravity-sensitivities inherent in the performance of the LLSS components and 
processes; the investigation of methods for experimentally evaluating those 
critical items for which zero-gravity performance could not be adequately 
determined by analytical techniques; and the fonrmlation of generalized 
criteria for assessing the gravity-sensitivity of alternate life support 
system processes as well as those originally incorporated in the IUS, 

The study 

The identification and analysis of ILSS gravity sensitivities was directed 

From an initial 

Analysis showed that for 28 of these, the gravity sensitivity was 

toward the selection of components and processes which would require experi- 
mentation for verification of their zero-gravity performance. 
92 processes associated with the ILSS, 69 gravity-sensitive processes were 
identified. 
such that a negligible effect on component performance could be expected due 
to gravity variations between one and zero gravity. These 28 processes were 
thus eliminated from f'urther consideration as test candidates. 

Additional. process screening was performed to eliminate other items whose 
gravity sensitivities and zero-gravity performance could be adequately deter- 
mined by analytical methods, or whose testing was considered inappropriate due 
to the nature of the process. 
included man-machine interface processes such as equipment servicing and per- 
sonal hygiene tasks, and components in an early developmental. phase which were 
expected to undergo significant re-design. This additional screening resulted 
in the elimination of a l l  but four of the original processes; but it also 
revealed that certain premises upon which the analyses were based should be 
tested to assure adequacy of the analytical screening treatments. The four 
remaining IISS processes represent liquid-mixing and flame propagation 
phenomena, while the analytical problem areas involve heat transfer and liquid 
transport by gas drag. 

Items whose testing was considered inappropriate 

These items represented potential test candidates. 

The investigation of experimental methods included a detailed review of 
actual low gravity and gravity related techniques; a survey of available 
facilities for experimentation; and an evaluation of the methods, as they 
might apply to the test candidates, including consideration of expected costs 
and facility availability. 

The utility of analytical techniques in assessing gravity effects on per- 
formance became apparent in the screening studies. Consequently, the develop- 
ment of these techniques was expanded beyond the immediate needs of the IISS 
analyses into generalized analytical approaches applicable to those basic 
processes which may be expected to be camon to most foreseeable life support 
systems. 
gravity-sensitivity of existing systems and Components, as well as to provide 
design criteria for future systems. Processes considered in this phase of the 
study include heat transfer between fluids and solids; liquid behavior control 

These approaches aze intended to provide techniques for predicting 



be gas flow, capillari ty,  and cmtrifugationf solids control by gas flaw; f l u i d  
mixing; mechanical device operation; and flame propagation. 

f ,  

Frm consideration of the ultimate value of a possible test  program it was 
concluded that greatest benefit c a d  be real ized from experimentation t o  
validate and support the analytical problem areas of heat transfer and l i q u i d  
transport. 
was fe l t  t o  be of less value as Future life support system designs are expected 
t o  appreciably reduce or eliminate the importance of the i r  gravity-sensitivities. 

Testing of the IISS processes of liquid-mixing and flame propagation 

A particularly pertinent conclusion which may be drawn froan t h i s  propam is  
that the majority of processes in the ILSS, and probably within l i f e  support 
systems i n  general, are of such a nature t h a t  t h e i r  gravity sens i t iv i t ies  can 
be sat isfactor i ly  assessed by analyses; reducing the need fo r  special component 
testing. 
f'urther developed and expanded into a "Handbook" which could eventually include 
essentially a l l  processes camon t o  anticipated future space systems. 
mance of experimentation t o  verify the analytical  premises i s  one step i n  
t h i s  direction. 

In  view of this it is recommended that the prediction criteria be 

Perfor- 
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. INTADDUCTION 

Life support system problems associated with reduced or zero gravity have 
received varying degrees of attention for several years. 
development of the Langley Research Center Integrated Life Support System 
(ILSS), perf'ormance insensitivity to gravity was a major consideration. 
was recognized, however, that some degree of g-sensitivity (gravity-sensitivity) 
could exist in the various subsystems and Wther study should be undertaken 
to evaluate the performance of these subsystems under zero-g conditions. It 
was further recognized that the ILSS, though itself not a flight article, 
could be considered as a progenitor of eventual flight hardware with m a n y  of 
the elementary processes in the IISS being common to most foreseeable life 
support systems. 
within the u;SS could preclude the introduction of undesireable g-sensitivity 
in future life support systems, Consequently, this study was initiated with 
the objective of defining a program that would determine zero-g capabilities 
of the IUS components and processes. The study included three major tasks: 
the identification and analysis of g-sensitivities inherent in the performance 
of the ILSS components and processes; the investigation of methods for eqeri- 
mentally evaluating those critical items for which zero-g performance could 
not be adequately determined by analytical techniques; and the formulation of 
generalized criteria for assessing the g-sensitivity of alternate or future 
life support systems having basic or elementary processes related to those of 
the IUS. 

=ring design and 

It 

, 

Thus, the identification and understanding of g-sensitivities 

The identification and analysis of ILSS g-sensitivities was basically a 

The 
screening process for selection of critically g-sensitive components and pro- 
cesses requiring testing for verification of their zero-g performance. 
screening process was to eliminate from test consideration those items whose 
g-sensitivity was not significant to subsystem performance, or could adequately 
be determined by analytical techniques; and those items whose testing was con- 
sidered to be beyond the scope of the program, such as man-machine interface 
processes. The investigation of experimental methods was directed toward the 
selection of test techniques best suited for studying the critical g-sensitive 
processes and phenomena. The g-sensitivity prediction criteria were intended 
to provide the basic analytical tools and techniques for assessing g-sensiti- 
vities in existing processes and for pre-determing g-sensitivities of future 
systems while in the design stage. Conceivably this criteria study could be 
profitably elrpanded beyond the processes and ranges of variables significant 
to the LTSS, into a "Handbook" of broad applicability and utility to the life 
support system designer. 

For convenience, the work performed is categorized in this report into a 
review of the basic physical principles to be considered in studying process 
g-sensitivity; the analyses and screening procedures used for selection of 
processes as test candidates; a review of g-related test methods including 
their evaluation and selection; and the generalized g-sensitivity prediction 
criteria, 

3 



BASIC PHYSICAL PRINCIPLES 

The differences i n  system behavioral characteristics between the normal and 
low gravity conditions are not caused by the introduction of any new phenomewn. 
They are caused, rather by the dras t ic  reduction of a commonly accepted and 
often over-riding force which is strongly entrenched i n  the mental and physical 
make-up of man. In  the normal environment many other forces exist, are recog- 
nized and understood, and are normally neglected i n  our routine prediction of 
how things w i l l  behave because these forces are so weak that they are over- 
ridden by t h e  force of gravity. With gravity removed or  drast ical ly  reduced, 
these "weak" forces can produce significant motions of large, as w e l l  as small, 
systems, and the  motions are unfamiliar. Extending t h i s  jus t  a b i t  farther, 
the unfamiliar motions produce unfamiliar configurations. As an example, it 
w a s  observed during the early "zero-g" (null-gravity) a m l a n e  maneuvers that 
globs of l iquid d r i f t e d  out of an open top container and floated about the 
cabin. 
a more o r  less regular way w i t h  the s m a l l  drops oscil3.ating more rapidly than 
the large ones. 
(LN ) and because of the randoan gentle variation of the a i rc raf t  acceleration 
vecgor, and even the larger liquid masses were rounded by the influence of 
surface tension. 

The shape of these globs tended toward the spherical but oscil lated i n  

The l i q u i d  came out of the container because it w a s  boiling 

The experience pointed out that the performance of systems i n  the absence 
of bravity must be analyzed wi th  some care and with an understanding of basic 
physical principles. 
t h i s  section. Also, since those ear ly  flights, an appreciable background of 
l o w  gravity e*erience has been accumulated which w i U .  assist t o  guide the 
analysis . 

The general guidelines f o r  such analysis. are described i n  

Physical Background 

Essentially the behavior of matter is the canbined result of i t s  properties 
and its environment and may, i n  a very basic analysis, be reduced t o  the inter-  
action of gravity, inertia,  and intermolecular forces. For example, the  char- 
acteristics of matter tha t  permit i ts  categorization into gas, l i c p i d ,  o r  solid 
and thus determine its behavior may be attr ibuted t o  these forces. Here w e  are 
dealing with the interplay of i ne r t i a  and intermolecular forces (probably elec- 
t ro s t a t i c )  and the resultant of t h i s  interplay shows discontinuous changes at 
very closely defined levels of molecular ac t iv i ty  and spacing. 
activity,  o r  temperature, has such a controlling effect on the characterist ics 
of matter tha t  thermal effects should perhaps be included as a basic behavior 
determinant along with the gravvrLty, i ne r t i a  and intermolecular forces. While 
the properties of materials can all be attributed t o  these basic determinants, 
they n0rmalJ.y represent combination effects without specific reference t o  
basics. The engineer, however, i n  performing envirolmnental and system studies 
frequently mst consider both the basics and the  combination properties o r  
characteristics. 

Molecular 

and 

4 

Engineering methods and procedures by which devices and systems are created 
evaluated are derived fran various sources. The equations and other 



* relationships used f o r  
i c a l  evidence of their  
ceding paragraph 
studies of f luid 

.problem a n 4 y s i s  are grounded on mathematical and cplpir- 
&ccuracy. The rUndam&tal ions of the pre- 

are among the sources, but other used. Classical 
mechanics and thermodynamics deal largely with the character- 

i s t i c s  of continuous media. 
matter into consideration and use it t o  improve the  relationships, as f o r  
instance i n  highly compressed gases where P V/T is not constant. For our 
analyses here, no general attempt is  m a d e  t o  trace the methods t o  their  source. 

Modern treatments take the particulate nature of 

Methods are outlined below by which the g-sensitivity (gravity-sensitivity) 
of t he  U S S  can be analyzed. 
a numerical solution. 
sented i n  what was fe l t  t o  be the most generally convenient form. 

They are general guidelines, some leading toward 
The more important c r i t e r i a  f o r  g-sensitivity are pre- 

Solid mechanics.- Assessment of the effect of gravity (and its removal) 
on solid structures is  usually straight forward. 
elements w i l l  normally undergo very l i t t l e  i f  any change i n  shape or configu- 
ration due t o  the  removal of gravity, and any slight change that  might occur 
should be amenable t o  direct  ccanputation. 
designed i n  such a manner that controlling o r  actuating forces w i l l  effectively 
over-ride the gravitational force, thus eliminating any significant g-sensiti- 
vity. 
forward manner. 
or  instrument movements have t o  be reviewed w i t h  some care t o  ensure that  the 
motion of any unbalanced elements is adequately controlled by desired forces. 

Non-moving s t ructural  

Moving elements are generally 

However, these gravity effects  can again be analyzed i n  a straight- 
In general, control and measurement devices, such as relays 

Interface statics.- The symmetry of the intermolecular forces which per- 
vade the  body of a liquid i s  l o s t  at a liquid-gas interface. 
interface has a measurable surface tension, expressed i n  units of force per 
un i t  length. 
tend t o  be spherical w i t h  the surf'ace behaving samething l i k e  the skin of a 
balloon which compresses the inner f luid according t o  the Young-Laplace 
equation. 

A s  a result, the 

Surface tension is  evident i n  bubble and droplet shapes. Both 

A ~ = c Y ( - + - )  1 1  

R1 R2 

where : A P = pressure difference inside and outside the 
surface . 

CY = surface 

5, R2 = surface 

tens ion 

r a d i i  (Orthogonal) 
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The surface tension may also be thuugh-b of a8 a surface energy i n  Unit6 Of 
work per uni t  surface area and applied t o  solid-gas and solid-llquid interfaces. 
Then, where liquid, solid and gas meet, a contact angle 8 (measured through t h k  
l iqu id)  is defined as shown below, 

/.. 
G k- I& S G - O  SL 0 cos 0 = (J 

The tendency f o r  t he  l iquid t o  w e t  the solid surface is then greater where 
0 is small, which i s  promoted by small values of G 

CapiUary effects  ( the  tendency f o r  l i q u i d s  t o  rise o r  fa l l  i n  s m a l l  tubes) 
are directly influenced by gravity. 
tubes some inches o r  more i n  diameter. .The interplay of the apposing forces is 
expressed by the Bond Number (Bo), 

In  low gravity, cap i l la r i ty  is  evident i n  

3 Gravity Force pBL = L2/ (J 

Bo =) Surface Force L CT 

where: p = mass density of the l iqu id  (assuming the gas 
density is negligible) , 

g = acceleration of gravity 
i 

This dimensionless r a t i o  forms a useful too l  t o  determine whether the 
behavior of a system is dominated by gravity o r  capillarity, and, conveniently, 
the t ransi t ion is i n  the region of unity. 

Where Bo << 1, capillary forces daninate, and 

where Bo >> 1, gravity (or  other acceleration) daninates. 

Fluid drag and lift,- Moving f luids  exert forces on solid objects by 
reason of iner t ia  and viscous effects. 

The dimensions of viscosity are derived fran Newton's l a w  of viscosity, 

6 



where: T = shear stress 

V = fluid velocity 

y = distance (normal to velocity) 

P = viscosity (FL'2.L*L'%) = ( l ? l Y ~ - ~ )  

(L), 

thus: 

This relation is u s e m  also for computing the f l u i d  shear rate produced by 
With viscous fluids, s m a l l  objects, a known shear stress level and vice versa. 

and low velocities the viscous effects predominate, leading to the Stokes 
equation for the viscous 

F =  

where: F = 

P =  

V =  

D =  

drag on a sphere. 

3 n P V D  

drag force 

viscosity of the fluid 

stream velocity remote from the sphere 

diameter of the sphere 

This equation is, however, of limited utility, and at higher velocities 
(also low viscosity and large size), the dynamic pressure is assessed in terms 
of the inertia effects, 

q = dynamic pressure 

A dimensionless ratio was evolved by Osborne Reynolds to distinguish 
between the viscosity dominated and inertia dominated regions. 
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Re = Viscous Force n.p VL p 
Iner t ia  Force ? L2 P 

I 

This Reynolds Number has had extremely broad use i n  characterizing f l d w  I 

regimes, with the results usually emressed as a coefficient ( C  
used t o  multiply q) plotted against Re. !Phe major break over &&I kinar 
(viscous) flow t o  turbulent ( iner t ia  daninated) f l o w  occurs at Reynolds Numbera 
between ten and a million. This might seem l ike a uselessly wide range, but 
fo r  any given configuration, such as for  a circular cylinder i n  transverse 
flow, the data has been t i e d  down quite closely. 
dimensionless ratios (Bo, Re, e tc)  that they can be rigorously applied only 
when the hardware configuration i n  question is geometric- similar t o  the 
configuration of another system whose behavior is known. Similarity of the 
dimensionless parameter then provides assurance of similarity of flow between 
the  system and the model. 
pertinent parameters are likewise generally sufficient t o  assure similarity of 
behavioral regime rather than identity of parameter. 

C etc.-- 

It is indeed true of a l l  the 

' This, however, reqpires o r  implies that other 

Interface dynamics. - Under dynamic loading, the liquid/gas interface may 
be distorted, agitated and torn. Normally, gravity and surface tension act t o  
s tabi l ize  the interface, while iner t ia  acts  t o  break it up. The interplay of 
gravity and iner t ia  effects, as i n  the case of water disturbed by the passage 
of a s9ip, are related t o  e6ch other by 

Iner t ia  Force 
= Gravity Force 

S b i L a r l y ,  the Weber Number relates 

Iner t ia  Force 
we E Surface Force 

The relative importance of gravity, 
be assessed on one diagram (figure 1). 

the Froude Number. 

P g L3 

iner t ia  and surface tension effects. 

v2 L2 = p l? L/o - - O L  

iner t ia  and surface tension can then 

Inspecting this diagram i n  search of information on the effect  of gravity 
on the behavior of the  liquid/gas interPace leads t o  certain conclusions. 
and Bo measure t h i s  effect, and f'rm the structure of these dimensionless 
ra t ios  it i s  apparent that a low "gravity" i n  a large system can have as much 
effect as normal gravity i n  a smal l  one. 
Fr becomes infinite,  

A t  zero gravity, Bo becomes zero and 

Zero gravtty, meaning no residual acceleration forces on the structure, can 
happen only manentarily, i f  at all, and Bo and Fr serve t o  measure the hydro- 
dynamic importance of the rcmnsnt @; level, 
the Weber Mrmber forms a usefU measure of w h a t  might be considered the f lu id  
mechanical violence of the conditions i n  a reasonably normal plumbing system. 

It is apparent that at  very low g, 
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The a b i l i t y  of a gas stream t o  move or  support l iquids or  solid par t ic les  
comes into question i n  several phases of the l i fe  support system study. 
Equating, therefore, the drag force on a par t ic le  t o  i t s  weight, we may derive 
the gas velocity required t o  support the par t ic le  against the influence of 
gravity or  any other acceleration f ie ld .  
are shown i n  figure 2 for  water droplets f a l l i ng  through air  at n o m 1  tempera- 
ture and pressure. 
g-levels, together with l ines  of constant R e  and We. 
the lower velocities, the drag i s  mostly viscous f r i c t ion  but the ine r t i a  
effects start t o  become effective where Re rises above 10 t o  100. It W i l l  be 
noted that the velocity curves extend only s l igh t ly  beyond a Weber Number of 
unity. 
the  shape of the drop, with the pressure on the bottom tending t o  f l a t t en  it, 
and the low pressure at sides of the drop spreading it out. In  the region of 
We = 3 
air stream and la rger  drops cannot exist. 

The results of such a calculation 

The terminal drop velocities are shown f o r  three different 
For the smaller drops at 

I n  t h i s  region the aero-dynamic forces have an increasing effect  on 

( 1/4 inch drups a t  normal gravity ), the drops are torn up by the 

Gas flow may be expected not only t o  move l iquid o r  solid particles i n  the 
stream but also t o  drag along any l iquid film on the w a l l s  of the passage. 
This effect  i s  very w e a k  at  low gas velocity (small Re, Fr and We) because the 
liquid/gas interface remains smooth, but w i l l  increase rapidly above some 
c r i t i c a l  condition, progressing t o  the point where the l i q u i d  is torn from the 
w a l l s  and carried as droplets. 
viscous and capillary forces has led  t o  the curve shown i n  figure 3, (ref.  1). 

i n  question, on the thickness of the l i q i d  f i l m  and the velocity of the liquid/ 
gas interface. 

A n  analysis of the relat ive effects of inertia,  

The Re and We of t h i s  figure are based on the characteristics of the f luids  

In  order t o  u t i l i z e  this data, and assess the g-sensit ivity of the process, 
the camputations could proceed somewhat as shown below, and i n  reference t o  
the sketch of figure 4. 

Determine Re fo r  the driving stream of gas, based on passage 
s i z e  and mean gas velocity. 

Estimate cf (surface f r ic t ion  coefficient). 

Canpute l i qu id  shear stress ( T = Cf p ?/2 ). 

Compute interface velocity ( U = T H/P ). 
be assumed t o  do this. 
tested later. 

A reasonable H may 
The val idi ty  of the  assumption can be 

Cunpute Re  and We based on H and U t o  assess film stabi l i ty .  

If reference t o  figure 3 does not indicate that the film i s  definitely 
stable, it may be necessary t o  re-estimate C because roughening of the 
interface greatly increases the drag force. ( T ) 
established w e  may now equate drag force t o  f i l m  w e i g h t .  This provides a 
guide t o  the g-sensit ivity of the process. 

d i th  the shear stress 
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ltransient effects.- The time (T) required f o r  a system t o  respond t o  a 
disturbance is of'ten v i t a l  t o  the analysis of the performance of that  system. 
The dynamic analyses of the earlier paragraphs have been presented on a steady 
state basis, but some of the relations are interestingly para l le l  t o  those 
required f o r  the evaluation of characterist ic times, 
Number, f$r instance, ma;y be rearranged which is equivalent 
t o  !I? = L /a We. 
oscil lation of a spherical l i q u i d  drup i n  the absence of gravitation may be 
computed from the following equation (ref.  2) 

T = .785 2/ I? p/o , and f o r  a bubble 

The definit ion of Weber's 
L = We 0 , 

bok ing  deeper into the matter, t he  period of the  simplest 

- 
T = . 64 I-. 

Similarly the equations concerning the damping of such oscil lations are 
dimensionally similar t o  Reynold's Number. Where gravity, o r  some equivalent 
tangible force on the container, i s  present the relations governing l iquid 
sloshing periods take a rather different form. For the  simplest (and there- 
fore, as above, t he  slowest) osci l la t ion of li i n  a deep round basin, the 
following equation applies (ref. 2) T = 3.9 e . C o m p a r i n g  th i s  noma1 
gravity equation (whose derivation neglects surface tension) with the zero-g 
equations above, evokes the Bond Number, which may be used t o  determine how 
the effect of the pertinent parame ers on the system time const t c 
estimated. Where 
Where B = 1, the situation is  more ccarplex. W. C. Reynolds has presented 
considerable d a t a  on t h i s  problem, but it is  not fe l t  t ha t  the  matter must be 
develuped here, The response times l i e  between the short normal-g and the 
longer zero-g periods. 
involved w i t h  air/water mixtures moving w i t h  some velocity. !Phe pertinent 
interface dimensions are s m a U  and the characterist ic times, even i n  zero-g 
range downwaxd by orders of magnitude from a tenth of a second. 

e 
Bo >> 1, T - a l  h- D g. Where Bo C< 1, T a? 8% . 

The liquid/gas interface problems of the IISS are 

A rather different sor t  of response time estimate i s  pertinent t o  discon- 
They w i l l  i n  most cases have some velocity 

Est imates  of the terminal velocity i n  various 
nected masses of l iquid o r  solid. 
re la t ive t o  the  surrounding gas. 
g-fields w e r e  presented i n  figure 2. The gas velocity, however, changes i n  
magnitude and direction and it is  probably here valuable t o  note tha t  some 
t h e  i s  required f o r  the droplets t o  approach the  new gas velocity. 
droplets, where Stokes Equation applies, a slmple integration indicates that  
t h i s  t h e  ( i n  seconds 
diameter (millimeters 1 . The proportionality constant w i l l  be reduced f o r  
larger, higher velocity drops. 

I 

For s m a l l  

is  of the order of three times the square of the droplet 

Fluid mixing.- Considering the m i x i n g  of single phase fluids, either 
l iquid or  gas, the effect  of gravity on the process is qyali tatively clear 
almost immediately. The variations i n  density throughout the system are small 
on an absolute basis. The gravity induced pressure differences are small, and 
frm t h i s  it follows tha t  only weak forces are required t o  counteract the 
gravitational effects. 
i s  rigorously avoided, but diffusion s t i l l  continues. 
are i n  contact there i s  always a tendency f o r  the molecules of each t o  penetrate 
the other. 
f i n a l  process of any complete m i x i n g  uperation. Diffusion is, however, slow, 

Strat i f icat ion can pers is t  f o r  some time if s t i r r ing  
When any two substances 

This i s  essentially independent of gravity, and i s  probably the 



especially i n  liquids, and where any attempt i s  made t o  promote the mixing 
pract ical ly  a l l  of it resul ts  fmu the mass motions of t h  i d  ' l i  

One cr i ter ion of flow conditions seems particularly pertinent t o  the m i x i n g  
of fluids. 
l en t  flow and it was the process of f lu id  mixing which Reynolds used t o  demon- ' 

strate the significance of a c r i t i c a l  value of LV p/p . A stream of dye was  
injected in to  the mouth of a tube through which water w a s  flowing. 
water velocities, the dye stream maintained its integri ty  over very long 
distances. 
unifondly colored. 

The Reynolds Nwnber can be used t o  distinguish laminar fran turbu- 

A t  low 

A t  high velocit ies it w a s  quickly broken up and the l iquid became 
1 

It may be concluded that reasonable mixing rates involve turbulence and I 
that  gravity w i l l  generally have l i t t l e  effect  if turbulence is present. 

Heat transfer.- The exchange of heat into, out of, o r  through a single 
phase f lu id  involves rather small density differences. 
thought t o  be insensitive t o  gravity, but t he  si tuation is different frm that  
of cclnrposition mixing, for  i n  heat transfer the same f lu id  may be used over and 
over again and weak persistent forces may create appreciable velocities. 

tion, this last being further categorized as forced o r  free depending on 
whether it is  ar t i f ic ia l ly  produced o r  produced by the action of gravity on 
the  thermally induced changes i n  fluid density. The relative magnitudes of 
the different processes depend on the situation, and numerical estimates of 
the order of magnitude of each can be made t o  a8sess their relat ive importance. 
Convection is often dominant and some notes on the pertinent criteria &re 
presented here. Several dimensionless criteria are used. The Reynolds Number 
differentiates between laminar and turbulent flow, aa f o r  f lu id  mixing. 
transfer is enhanced by turbulence. 
layer thickness t o  thermal boundary layer thickness. 

It might therefore be 
1 
1 
I 
i 

3 i 

Heat is  transferred by the processes of radiation, conduction and convec- 

Heat 
The Prandtl Number relates flow boundary 

I L - = cp cL/k 

where: Cp = specific heat at  constant pressure 
k = thermal conductivity 

The Grasshof Number relates the effects of bouyancy, i ne r t i a  and viscosity. I 
where: p = coefficient of thermal expansion 

t = temperature difference 

The Nusselt Number is a convenient dimensionless heat transfer parameter 
and is often used as a measure of the effect of variations i n  the other 

I parameters. 
Nu = hl/k 

where.: 
h = heat transfer coefficient 
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The only g-sensitive heat transfer process is free convection. Qr is often * 

used t o  associate the effects of its several variables on free convective heat 
transfer and appeass (often multiplied by Re) as the independent variable i n  
the representation of much correlated data. 

Boiling and condensation,- V e r y  high convective heat f lux t o  or frm a 
f lu id  can be maintained when that f luid is  changing from liquid t o  gas or vice 
versa. The microscopic characteristics of the change of state may be considered 
t o  be gravity insensitive because of the low Bond Number. On a system basis, 
however, the large difference i n  density between l i q u i d  and gas indicates that 
the gravitational acceleration is  an Important parameter, It is particularly 
important t o  note, therefore, that  experimental studies of boiling heat trans- 
fer at reduced gravity have shown l i t t l e  g-sensitivity, at least i n  the nucleate 
boiling region of heat flux. The basic r e a a n  f o r  this is that the formation 
of bubbles is a violent process which so agitates the l i q u i d  i n  the region of 
the hot surface that  the gravity induced general motion of the l iquid is rela- 
t ive ly  unimportant, Low t o  m e d i u m  forced convection velocity also has l i t t l e  
effect. 
heat f lux the quiescent zero-g condition probably promotes the break over into 
f i lm boiling. These fringe effects are probably not particularly pertinent t o  
the Life Support System. 

A t  very low heat f lux there does seem t o  be some effect  and at  high 

There is l i t t le reason t o  believe that any similar g-insensitivity w i l l  be 
found i n  condensation. This is essentialJy a quiescent process and the problem 
of getting the released heat away from the point of condensation seems t o  be 
direct ly  f luid mechanical. The l iqu id  formed must be gotten out of the way, 
The condensation problem reduces t o  l i qu id  film transport i n  two phase flow. 

Combustion.- Characteristically, combustion involves the rapid release of 
heat i n  a narrow zone. This heat is transferred i n  a flame front frm the 
burned t o  the unburned gas, bringing the  latter up t o  i t s  ignition temperature. 
The heat transfer rate is normally high, i s  driven by a large temperature 
difference and insofar as the question of flame front behavior is concerned, it 
is transmitted over a short distance. The flame front velocity relative t o  the 
gas can range f’rom slow (inches per second), smooth and controlled t o  rapid 
(thousands of feet per second), violent and explosive. Radiation and conduc- 
t ion play important roles i n  the heat transfer process, especially i n  the slow 
smooth burning. 
speed by turbulent tearing of the flame f ron t  and/or mass movement of the burn- 
ing zone. These are, i n  general, a matter of forced convection rather than 
free convection, the forcing being caused either by some outside agency such 
as a pump o r  by the dynamic effects of the combustion itself, The action of 
gravity on s m a l l  systems is  too gentle t o  appreciably increase t h e  speed at 
which a zone of combustion moves through a cmbustible gas m i x t u r e .  

Convective effects can greatly increase the effective flame 

The absence of gravity, however, can inhibit canbustion. In  most fires no 
large zone of mixed fie1 and oxidant exists, but rather these necessary elements 
are brought together at the flame by the free convective pumping produced by 
the heat of the flame. 
by t h i s  same mechanism. 
oxidant a.re separated by a zone of combustion products. 
preted t o  mean that zero-g does inhibit cambustion. 

Combustion products are purged from the canbustion zone 
Without gravity the flame can d i e  because the fue l  and 

This must not be inter-  
It may or  it - not. 

L ! 
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Flames can progress quite nicely through gas/oxidant mixtures in the absence, Oi 
gravity and th i s  is probably also true of conditione where the fuel and oxidant 
are not actually mixed but are closely associated. The granuhr structure of 
fabrics could support w h a t  m i g h t  be ca33.ed a difPuslon flame, and forced con- 
vective supply' of oxidant can be read- sumplied by an air conditioning system 
or by moving the burning object. 

GRAVITY S E N S m  IN IISS COMPONEN!E AND PROCESSES, 

The investigation of gravity sensi t ivi t ies  within the ILSS coclqponents and 
processes w a s  carried out i n  a stqpxise manner, with the steps representing 
various screening operations terminating i n  the selection of processes which 
requLre e q e r b e n t a l  testing for  verification of their zero-g perfonaance. 
The screening steps consisted of varying depths of analysis into the possible 
g-sensitive aspects of the individual ILSS processes, consideration of the 
importance of the individual processes t o  the ILSS and f'uture l i fe  support 
systems, and evaluation of the appropriateness of selection of a process for  
possible test under th i s  program i n  view of other existing and planned NASA 
test programs. The principle objective of the screening procedure was t o  
select  those c r i t i c a l  IISS processes whose performances may be s igd f i can t ly  
affected by reduced gravity but whose gravity sensi t ivi t ies  are not assessable 
by available analytical techniques o r  by other currently planned or anticipated 
programs. Achievement of the objective required considerable variation in t he  
depth of analysis applied t o  various processes, and i n  one instance 831 elemen- 
tary Laboratory experiment. 

Review of u[sS Subsystems fo r  Gravity Sensit ivity 

The first step i n  identification of gravity sensi t ivi ty  among the USS sub- 
systems was a detailed review of the various comrponents and processes, (ref. 3). 
Tabulation of these colnrponents and processes and of the elements of which they 
are canposed, provides an insight into the type of g-sensitive phenomena which 
must be considered; and establishes a basic list for selecting those items 
w h i c h  may show g-sensitivity and hence should be retained for further study. 
Such a list w a s  prepared and is s h m  i n  table 1. For convenience %he coarpo- 
nents and processes are organized into general W c t i o n a l  areas, and a number 
of items which are obviously independent of gravity have been canitted. 

Consideration of the individual items of table 1 leads t o  the identifica- 
t ion of a set of more basic processes w h i c h  are g-sensitive and which can 
account f o r  any g-sensitivity that may be exhibited by the various subsystems. 
The basic processes may represent actwJ. subsystem process elements or  may be 
only associated phenanena which can affect subsystem perf'onnance. These pro- 
cesses may be samewhat arbi t razi ly  defined depending upon the depth t o  which 
it i s  desired t o  carry the analysis. 
identif'y the processes very broadly as simply f luid behavior and solid behavior; 

For example, it is conceivable t o  

or  t o  make a very 
processes such as 
phase separation, 

f ine  distinction involving a large number of more elementary 
f i l m  boiling, centrifbgal phase separation, porous membrane 
---eteo For initial study of the USS, a canproanise set of 



Table 1. - ILSS Components and Boceeses 

FUNrnIoN PROCFSS caM€wEm 
T h e d  Control Atmosphere Heating Controls 

(Canponent Convective cooling) Instruments 
Lights 
Water pumps 
Fans and Blowers 
Food Freezer 
Waste Processing 
CO, Reactor 
Water Recovery Units 
Electronics 
Cabin Walls 
Metabolic 
HX "A" Condenai 
Kx "B" non-CoA&ing 

Fans and Blowers 
Fans and Blowers 

Ventilation 

Humidity Control 

Process Fluid 

Coolant Fluid 

Atmospheric Control 

W p  Concentration 

Cog Re6uction 

Water Electrolysis 

Contaminant Control 

Water Management 

Waste Fluid Feed 

Air Evapor-.tion 

Atmosphere Cooling 

Thermal Mixing 
Canposition Mixing 

Gashater separation 
Separator Start-up and Shut-dm 

Fluid Heating 
Fluid Storage 
Fluid Circulation 
System Maintenance 

Fluid Cooling 
Fluid Storage 
Fluid Circulation 
System Maintenance 

(fill, bleed, service) 

( f i l l ,  bleed, service) , 

Cas mylng 
Gas Cooling 
Cog Adsorption 
Gas Heating 
Silica gel desorption 
Zeolite Heating 
Zeolite Desorption 
Zeolite Cooling 

Cog Storage 
Gas CircuLation 

Bosch Reaction 
Carbon Collection 
System Maintenance 
Water Separation 

Cog cooling 

Water Storage 
Recycle Compression 
Gas Cooling 
Sabatier Reaction 
Desulfurization 

Gas Removal 
water /mect row ~ixing 
Electrolyte/Gas Separation 
Dehmidif ieation 
ElectrolyBis 

A i r  Filtering 
F i l te r  Maintenance 

l%ermo-Chemical reaction 
(Replacement and Cleaning) 

Liquid Storage 
Gas Generation 

Acid F're-Treatment 

'Reated Fluid Storage 

Feed Control 

Wickfng and hraporation 
odor Rm10~a.l 
Water Condensation 
Water Separation 
Circulation 
Gas Heating 
Maintenance 

( M i x i n g )  

purge pumping) 
Wick Replacement 

Liquid Cas Separator 
Liquid Gas Separator 

Froceas Fluid HX 
Reservoir 
pumps and Control6 

Space Radiator 
Reservoir 
pumps and Controla 

Silica gel bed 

Zeolite Bed 
Oas/Dc-331 HX 
Silica gel bed 
Bed/Dc-331 HX 
Zeolite Bed 
Bed/Dc-331/COolant HXe 

Gas/coolant HX 

co*/coolant HX 
Accumulator 
Blower 

Reactor 
Reactor 
Collection Bag 
condenser (Gas/coobt HX) 
Cas/Liquid separator 
Water map (41) 
Expulsion Tank 
caapressor 

Reactor 
Chamber 

Inlet Gas Trap 
Electrolyte Cells 
as/Liquid separator 
Liquid Traps 
Cells 

Charcoal 
Particulate, and 

Catalytic burner 
A i r / A i r  Regenerative HX 

Cryogenic Tanks 
Boil-off HX 

aas/coolant HX 

Absolute f i l t e r s  

Chem. Storage Tank 
Mlution Tank 
Collection Tank 

Batch Feed Tank 

Wick 
Charcoal Fi l ter  
Gas/Coolant Hx 
as/Water separator 
Fan 
Gas/E-331 la 

s-4 Tank 

u t i l i t y  pump 
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Table 1. - n S S  Components and Processes (Cont.) 

Purity Measurement 
Filtering 

BnergencyF"ication I . Uultifi l tering 

Water Output mrage 

Waste Managamant 

Collect ion 

Storage 

Personal Hygiene 

Washing 

=avLng 

Food Management 

- 
Xnstmentation and Control 

Wash Water Treatnent 
( M u n g )  

Waste Collection 
Urine Collection 
Fi l t ra t ion 

Urine Collection Flush 
urine/Gas Separation 

Vacuum Heating 
Fi l ter ing 

Waste Storage 
Mpendables Storage 

Water Heating 
Heater Gas FWge 
Wash Water/Gas Separation 
Strainer Servicing 
Sponge Operation 

Debris Collection and Disposal 

Water Heating 
Water Chilling 
Water Dispensing 

Food Storage 
Food Handling 

Temperature Sensing and Control 
Pressure Sensing and Control 
Flow Sensing and Control 
Hmidity Measurement 
Liquid/Gaa Discrimination 
Gas Analyeis 
Bacteria Analysis 

Special Conditions 

Gas Leakage 
Fluid Release t o  Atmosphere 
Solid Particle Release t o  Atmosphere 
Flame Propagation and Control 
Spillage Recovery 

Mechanical Operation 

rubrication 
Performance 

Conductivity chamber 
Charcoal F i l t e r  

Metering pump 
carbon F i l t e r  
Resin Canister 
Bacterial F i l t e r  

Electrolysis Acmmntlator 
Potable w a t e r  ~ a n k  
%nergency Water Tank 
Wash Water Tank 
Chemical Storage Tank 
Wash Water Tank 

Gas Draft Feces Collector 
Gas Draft Urine Collector 
Urine F i l t e r  
Air Stream F i l t e r  
Mc Treated Water sulpply 
Liquid/Ctts separator 

Dryer Cans 
Bacteriological F i l t e r  

Storage Containers 
Elupply Cabinet 

water/~c-331 HX 
Heater Tank 
Gashater Separator 
"Y" Strainer 
sponge and Squeezer 

Shaver 

~ a t e r / ~ ~ - g g l  HX 
WSter/Coolant m 
Water Meter Gage 
Water Dispenser 
Storage Facks 
Manual 

Various Mechanical Devices 

Note: HX - Heat Exchanger 



basic processes w a s  selected w h i c h  give a rneaningf'ul categorization of the 
g-sensitive phenomena without involving unnecessary detail .  
processes are discussed below: 

These g-sensitive 

Phase separation - This is intended t o  include the separation of any 
combination of liquid, sol id,  or  gas phases of any substance o r  
combination of substances. 

Condensation heat transfer - This refers t o  the heat transfer which 
takes place at a surface upon which a l iquid is condensing or  has 
condensed. It includes drop-wise and film condensation. 

Convection heat transfer - This refers t o  f luid heat transfer by 
virtue of the f l u i d  motion and may be the  resu l t  of forced or 
natural convection. 
presence of a gravitational f i e l d  and density gradients. 

In  general. natural convection relies upon the 

Boiling heat transfer - This is the f lu id  heat transfer which takes 
place as a l iquid is  evaporated. In  general it involves either a 
nucleate o r  fi lm boiling process, depending upon the tendency fo r  
the l i q u i d  t o  w e t  the  heated surface. 

Fluids retention; Solids retention - These processes o r  conditions 
refer t o  the holding of a liquid, gas or  solid wi th in  a specified 
volume or  system. 

Fluids transport; Solids transport - These refer t o  the  carrying or 
transfer of f luids  o r  solids either within or  outside of the various 
subsystems. 

Composition m i x i n g  - This includes the processes of diffusion and 
convection as they relate t o  gas or  l i q u i d  mixing and the dissolu- 
t ion of substances i n  liquids thus reducing or  eliminating concen- 
t ra t ion gradients. 

Thermal mixing - Thennalmixing refers t o  the processes which l e a d  
t o  uniform temperature distribution. 
conduction, and radiation. 

These include convection, 

Based on the selection of t h i s  set of gravity sensitive processes, the 
subsystem items of table 1 may be screened fo r  potential  gravity sensi t ivi ty  
and the appropriate process or processes identified. 
relationships obtained i n  t h i s  way is  shown i n  table 2. 
behind the selection of these subsystem i t e m s  and their  relations t o  specific 
gravity sensitive processes are described i n  the following: 

A matrix of process 
The rationale 

Thermal control.- Included i n  th i s  f'unction are the control of cabin 
atmosphere temperature, humidity, and ventilation; and the l iquid thermal 
systems 



"hemal 
Control 

Atmaphe. 
Control 

Water 
Manogeme 

Waste 
Manageme 

Personal 
Kygiene 

POOd 
Managme 

InstN- 
mentatic 

Mechani 
Devices 

i 
1 
i 

b r  i 
Special 
Conditio 

Table 2. - Identification of OruvFty SetrbLtivrt PIwcees Within The ILW 

Atmosphere Heating., ............................ 
Atmosphere Cooling............................., 
Atmosphere Mixing.............................., 
Humidity Control..............................., 
Thermal Fluids Control........................., 

Bosch Reaction..............., 
co2 system Carbon Collection............ 

Water Removal................ 

GflS RemOVfll.................. 
Electrolysis Cell Operation............... 

System H2 Dehumidification.......... 
N2 Purge..................... 

Contaminant Control............................ 
Cryogenic 02, N2 Supply ........................ 
Mlution Tank Chemical Treatment............... 

Fluid Wicking..........,..... 
Gas Wnter Removal................ 

Evaporation Wick Replacement............. 
Purity Meosuring...,......... 

Wash Water chemical Treatment.................. 
Fluid Storage.................................. 

Whste Handling................................. 
Collection and Flush........................... 
Urine-Can Sepa+ator............................ 
Vncuum Drying.........,........................ 
Waste Stornge.................................. 

Water Hentine.................................. 
sponge Operation............................... 
Water A i r  Separator...........,................ 
Debris Collection and Storage.................. 

Writer Heating and Cooliw... ................... 
Water Dispensine............................... 
Food Handlina.................................. - 
Liquid-Gas Mscrimination...................... 
Gas Analysis................................... 
Bacteria Analysis.............................. 
Temperature Measurement........................ 
Iiumidlty Measurement.. ......................... - 
lubrication.................................... 
Mechanism Performance.......................... 

Cas Leakage.................................... 
Fluid Rcle~e. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Solid8 Release................................. 
F h e  Propoeation.............................. 
Flame Control..,............................... 
Spillagc Recovery........... ................!.. 

2 - Heat TranGfer 

@ - Indicates a relationship due to 
start-up, shut-down, and servicing 
operations 

X - Indicates a relationship due to n o m  
operation o r  a special incident 
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Atmosphere heating and cooling:- Control of atmosphere temperature is  
accomplished by maintaining a balance between heat input Sram various heat 
dissipating components; and heat output t o  the main cabin heat exchangers and 
other low temperature surfaces. 
i s  primarily convective heat transfer. 
is  independent of gravity, is  not nearly adequate t o  acccq l i sh  the task. Con- 
vective heat transfer may be forced, o r  free, o r  both. If' a significant portion 
of the heat input is by free convection, performance change may be expected due 
t o  i t s  g-sensitivity, Adequate forced convection, on the  other hand, being 
gravity independent, would eliminate any gravity effect on performance, 

cabin heat exchangers where forced convection is fully established. 
of cooling processes exist within the IISS, however, one i n  the "B" exchanger 
which is intended t o  involve gas cooling only, and the other i n  the "A" 
exchanger whhch involves condensation of moisture as w e l l  as gas cooling, Thus 
the "B" exchanger performance may be considered independent of gravity while 
the "A" exchanger performance could w e l l  be influenced by it, depending on the 
behavior of the condensed water, If the behavior of the  water film or  droplets 
which form on the heat exchanger w a l l s  is  determined solely by the gas convec- 
tion, or  velocity, exchanger perf'ormance w i l l  not change w i t h  gravity. However, 
i f  flow of the l i q u i d  on the w a l l s  i s  influenced by gravity, performance may be 
expected t o  be, also. Secondary atmosphere cooling, due t o  heat output t o  other 
low temperature surfaces involves the same heat transfer processes and consid- 
erations as the heat input case. 

I n  the case of heat input, the process involved 
Heat transfer by conduction, though it 

Heat output, o r  cooling of the atmosphere is accomplished primarily i n  the 
Two types 

Atmosphere mixing (Ventilation):- Mixing of the gases within the atmos- 
phere serves two purposes. 
ature distribution, both of which are necessary f o r  satisfactory perfomance of 
the crew and many of the subsystems, 
it may be expected t o  be influenced by gravity, a form of natural convection. 
The degree t o  which th i s  natural mixing may be involved i n  the t o t a l  mixing 
process w i l l  determine the gravity dependence of t h i s  process. 

It establishes uniform gas composition and temper- 

Where mixing involves density gradtents, 

Atmospheric humidity:- Control of atmospheric humidity entai ls  condensation 
of the water and i ts  separation from the gas stream. 
i n  the cabin heat exchanger "A". 
heat transfer rate which w a s  discussed in terms of heat exchanger performance 
under "Atmosphere Cooling," and was found t o  be potentially g-sensitive, Before 
separation can take place, the l iqu id  must be transported from the heat exchang- 
er t o  the gas/water separator. As the density of the water droplets and surface 
f i lm is  very much greater than that of the  atmosphere, the transport process may 
be expected t o  show pronounced dependence on gravity unless sufficient drag 
force is presented by the gas stream, 

Condensation takes place 
The rate of condensation is  a M c t i o n  of the 

Separation of the  liquid/gas phases through use of a porous w a l l  subjected 
t o  a small pressure drop may be influenced by gravity i n  a number of Ways, 
Firs t ,  the  l iqu id  droplets must be brought into contact w i t h  the  porous w a l l ,  
Whether th i s  i s  accomplished o r  not depends upon the relat ive magnitudes and 
directions of t he  gas stream drag, the droplet i n e r t i a  forces, and gravity. 
Second, the liquid, once i n  contact with the walL,  must remain i n  the w a l l  long 
enough t o  be transferred through. This condition is  dependent upon pressure, 
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capillary, and gravity forces, assuming a stationary wall. 
remain Sully wetted to prevent gas break-through, which also requires consider- 
ation of gravity forces. I. 

Third, the wall must 

The additional relationship shown in table 2, involving fluid retention, is 
concerned with maintenance operations during which it may be necessary to shut- 
down the system and possibly open the liguid side of the separator. As sepa- 
rator performance is dependent upon a fully wetted porous wall, retention of 
water in the wall until the system is again in operation needs consideration. 
Gravity sensitivity in this regard cannot be critically assessed until main- 
tenance procedures are detailed. Consequently, at this stage of analysis the 
process will be assumed to be potentially g-sensitive. 

Liquid thermal system:- The process and coolant fluids are in closed, 
single phase systems with fluid velocities sufficiently high to eliminate 
gravity effects in considering their normal operation. Gravity effects may 
require consideration, however, in the performance of servicing and maintenance 
operations which can in turn, have an effect on system performance. During 
these operations three potentially g-sensitive processes need consideration. 
If the servicing can be performed without removal of the fluid, then its reten- 
tion within the plumbing, assuming the system must be opened, must be considered. 
If the fluid must be removed, its transfer aut of, and replacement into the 
system must be accomplished. In either case, the entrapment of gas bubbles 
within the system is a possibility, and requires consideration of phase separa- 
tion and gas removal. 

Atmosphere control,- This function includes the processes involved in the 
carbon dioxide system, the electrolysis units, contaminant control, and the 
cryogenic oxygen/nitrogen supply. 

W b o n  dioxide system:- The carbon dioxide system consists of the CO con- 
centration, and the CO reduction units . 
unit include the force8 circulation and convection of gases through constraining 
passages, chemical adsorption and desorption from packed beds and forced con- 
vective heat transfer. Study of the unit does not indicate any sensitivity to 
gravity. The reduction unit, however, shows a number of potentially sensitive 
processes. 
by the circulating gas stream. 
upon the relative magnitudes and directions of the gas drag forces and gravity. 
Collection of the carbon involves its retention within the collection bag. 
While actual separation effectiveness is determined primarily by flow conditions 
and bag system design, the retention of carbon within the bag may be directly 
g-sensitive as the bag is open to the gas stream during use. 
from the system is accomplished through condensation to liquid form in a heat 
exchanger, transport fraw the heat exchanger to a porous plate separator, and 
transfer through the porous w a l l .  
described under "Atmospheric Cooling" and the same considerations apply. 
Transport to the surface of the porous wall is determined by drag forces of the 
gas, gravitational effects, and wicking or droplet scattering by the fibrous 
material on the gas side of the wall. Transfer through the wall is under the 
influence of Capillarity, a small pressure differential, and existing gravity 
forces. 

Processes within the concentra?ion 

Removal of carbon from between the reactor plates is accomplished 
The performance of this process thus depends 

Removal of water 

The condensation process is similar to that 

Problems with respect to maintenance of a fully wetted wall during 
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operation, and retention of water in the w&u for start-up, involve essentially ' 

be g-sensitive, 
, the y n e  considerations as those discussed under "Atmospheric Humidity," and m y  

7 ,  

Electrolysis system:- The electrolysis units produce oxygen and hydrogen . 
gases f r m  input water. Performance may be considered to be dependent upon Cell 
efficiency and the quality of the output gases. Uniformity of the electric 
current throughout the cells, which implies a homogenous electrolyte free of gas 
bubbles, is a requisite for high cell efficiency. 
cell at start-up following a servicing operation and gas free maintenance of the 
electrolyte during nomal operation may be considered as potentially g-sensitive 
processes though specific procedures have not yet been developed. Homogeneity 
of the electrolyte, which in this case includes both chemical and thermal uni- 
fonnity requires continuous mixing as fresh water is continuously introduced to 
replace that which is electrolyzed. 
diffision, convection due to gravity forces, convection due to local themal 
expansion and contraction, conduction, and possibly electrical forces. 

Preclusion of gas from the 

This mixing may be expected to involve 

Separation of hydrogen and oxygen gases f r m  the electrolyte is also 
required for efficient cell operation. 
semi-permeable membrane only, in which case it may be found to be sensitive to 
gravity induced pressure gradients. 
As no satisfactory separator for this purpose is yet available, it will be 
assumed that such a separator is potentially g-sensitive. 

This process may be relegated to the 

Or it may require an additional separator, 

Humidity of the output gases, particularly hydrogen, may require reduction 
depending upon its effect on other processes (e.g., the Eosch reaction). 
Presently, no specific separator is assigned to this function. 
the case of the gas-electrolyte separator, potential g-sensitivity is assumed. 

Therefore, as in 

Gas purge of the electrolysis systemduring servicing or maintenance may 
Mfect cell performance by contaminating the output gases. 
involves mixing of gases of different densities, it may be assumed to be at 
least a potentially g-sensitive process. 

As the purge 

Contaminant control:- Nomal control of contaminants is accomplished by 
filtration and themo-chemical reaction. 
and, through chemical adsorption, many undesireable gases. 
reaction, in the catalytic burner, destroys the remaining harnrful gases. 
Assuming satisfactory atmosphere mixing,  the only significant g-sensitivity of 
the processes may be expected to occur during servicing of the filters. Since 
the particulate matter may be held very lbosely, the possibility of its release 
frorm the filters may be g-sensitive, 

Filtration removes particulate matter 
Thermo-chemical 

Cryogenic oxygen/nitrogen supply:- Storage of' oxygen and nitrogen a8 
cryogenic liquids is anticipated with their release, upon demand, being in the 
gaseous phase following controlled boiling. This subsystem does not yet exist 
in the IISS, however, by definition, it will entail boiling heat transfer and 
separation of the liquid and gas phases. 
assessed until a particular subsystem approach is defined, however, it appears 
reasonable &.this time to assume potential g-sensitivity to exist. 

Specific g-sensitivity cannot be 
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Water management.- Included i n  the water management function are water 
purification by evaporation, and chemical treatment; and water storage. 

Evaporation purification:- Purification by evaporation involves cyclical 
saturation of a porous wicking material by waste fluids;  evaporation of water 
froan the wick into a 
exchanger; and i ts  transport to, and removal by, a gas/water separator. %e gas 
remains i n  the evaporation loop and is  reheated f o r  another pass. Fluid wicking 
has been demonstrated i n  a direction opposing a gravitational force, however, 
'the rate and degree of saturation may be sensitive t o  gravity. hraporation and 
t he  possible release of waste chemicals from the wick t o  the gas stream, though 
they profoundly affect performance, do not appear t o  be gravity related. Con- 
densation i n  the heat exchanger i s  a function of the heat transfer rate, a 
potentially g-sensitive phenomenon, and has been discussed under "Thermal 
Control," as has the process of l i qu id  transport from heat exchanger t o  separa- 
tor. 
gas stream. 
flows and are accelerated r ad ia l ly  by centrifugal force t o  a peripheral t rap 
from which the collected l i q u i d  is  removed. 
separation include drag of the gas stream, wetting and l i q u i d  agglomeration on 
the screen, centrifugal ( i ne r t i a l )  forces, and gravity. 

gas stream; condensation of the water i n  a heat 

Separation i n  t h i s  system is  accomplished by a centrifuge, driven by the 
Water droplets adhere t o  a spinning screen through which the  gas 

Factors which may affect  th i s  

I n  addition t o  the norm&l operation processes, performance of the evapora- 
t ion uni ts  may be influenced by maintenance procedures. 
requires system shut down which implies the retehtion of l iquid water which has 
not yet been removed. Accumulation of t h i s  l iquid i n  c r i t i c a l  locations, which 
may be determined by gravity forces, can impair performance at  start-up. 

measurement of the l iqu id .  Reliabil i ty of the measurement is, i n  part, depen- 
dent upon hmogeneity and representative sampling. These resu l t  from m i x i n g  
which, i n  turn, may be gravity sensitive, if density gradients are involved. 

Removal of the  wick 

A measure of output water purity is  obtained from an e lec t r ica l  conductivity 

Chemical treatment:- Chemical pre-treatment for  purification purposes i s  
employed automatically i n  the dilution tank; and chemical post-treatment i n  the 
wash water storage tank i s  performed manually. 
be a&cmnplished by convection and/or diffusion may be g-sensitive i f  significant 
density gradients exist. 

Composition mixing which is  t o  

I Water storage:- As the  name implies, water storage is concerned with 
receiving water into a variety of tanks and its retention there u n t i l  needed. 
A potentially g-sensitive aspect of th i s  is the retention of water i n  the event 
that maintenance, requiring opening of the tank is required. 
procedures are not yet specified, possible gravity dependence may be assumed. 

As maintenance 

Waste management.- Waste management i s  considered t o  include the collection 
of urine and feces; the  drying, handling, and storage of the feces; and separa- 
t ion of urine from the  gas stream. 

Waste collection:- 
d 

Coliection of both urine and feces i s  a transport pro- 
cess depending on gas stream drag t o  direct  the wastes into their appropriate 

i 
i containers. Clearly, iner t ia  forces are involved; and adverse gravitational 
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forces, if they exist, mst be counteracted. 
accauplished establishes the gravity dependence. 

used t o  rauove the liquid f r o r m  the gas streem. The f l u i d  mixture is caused t o  . 
rotate by being ejected into a spinning cup. This generates i ne r t i a l  forces 
which, i n  turn, drive the l i q u i d  outward. A tube, with i t s  entrance located 
close t o  the outer surface of the cup provides an exit f o r  the l iqu id  while the 
gases leave through a second tube located centrally. Gravity, if present, W i l l  
influence the position or  orientation of the spinning l iqu id  and may affect  the 
rate of droplet  t rave l  t o  the w a l l .  Performance may also depend on behavior of 
residual fluid during periods when the separator is not runnlng. 
leakage o r  mechanical damage’due t o  th i s  behavior may thus be considered 
g-sensitive. 

The degree t o  which t h i s  is 

,- 

Urine/Gas separation: - An electric--powered, centrifugal separator is 

Possible 

Feces drying:- Following collection of the feces, the waste material is 
dried by eqosure t o  vacum w h i l e  i n  a heated container. 
dlrylner may be considered as potentially g-sensitive. 
upon the heat transfer rate fram the container w a l l  t o  the waste paaterial. 

high within the container t o  permit natural convection. 
sensitive t o  the canpaction of the waste material. 

Two aspects of t h i s  
The rate of drying depends 

This 

The drying rate is also 
heating rate may be affected by gravity if the gas pressures are sufficiently 

affect on t h i s  condition. a 

and then t o  the storage container is a mmml. process involving closing and 
manipulating the collector bag. Gravity forces are significant as they control 

i ’ 
Gravity forces may have an 

i 
lheces handling:- Transfer of the feces from the collector case t o  the drier 

1 I 
the w e i g h t  of the bag and contents and thus may influence the performance of 
these manipulative maneuvers. 1 Waste storage:- Dried wastes are stored i n  cans which must be repeatedly 
opened t o  admit  additional material. 
stored material when the container is open may be eqected t o  be a potential  
problem. 

I n  the absence of gravity force, loss of 

* i  Personal hygiene.- Gravity sensi t ivi ty  may be evinced in the personal 
hygiene function i n  the processes of water heating, sponge operation, wash 1 
water/air separation and debris control. 

temperature process f luid circulating through an extennally attached coil. 
Temperature, for  thermal control, is monitored by a sensor attached t o  the 
container. 
a uniform, predetermined temperature throughout the water. 
adequate heat transfer between the water and container, and thermal mixing 
within the body of liquid. 
cesses rely on conduction and natural or gravity induced convection. 

1 Water heating:- Water for washing is  heated i n  a closed container by high 
6 ,  

Performance of the heating process is concerned w i t h  establishing 
This implies 

In  the  absence of forced convection, these pro- 

26 



Sponge operation:- The paSt;icula;r phase of sponge aperation which indicates 
significant g-sensitivity is the wiping process. 
squeezed to the surface of the sponge will be affect& by %'8'lS intrinsic properk' 
ties of adhesion, cohesion and inertia; and by gravity forces if present. 

Behavior of water when 

Water/Gas separation:- Separation of used wash water from the atmospheric ' 

gases is accomplished in an electrically powered separator similar to the one 
found in the waste management system and its g-sensitivity has been described in 
that section. 

Debris collection and storage:- This is concerned with the collection and 
storage of smal l  solid particles such as hair and nail clippings, and involves 
manual manipulation of clippers and s m a l l  containers such as plastic bags. As 
in the case of handling of the feces container, gravity forces are significant 
to the extent that they influence the performance of the manipulations by 
controlling weight of the items. 

Food management.- This function is concerned with food storage, preparation 
and consumption. Gravity sensitivity may be expected in the processes of water 
heating, cooling, and dispensing, and in the haadling of the food itself. 

Water heating and cooling:- The water heating process is similar to that 
described for the wash water under Personal Hygiene. Water cooling is much the 
sane with the substitution of coolant for the process fluid and the deletion of 
the temperature control sensor. Gravity sensitivity for both heating and cool- 
ing may become significant through the processes of convection heat transfer 
and thermal mixing. 

Water dispensing:- This is a manual operation and entails the transfer of 
water, without loss, from the dispenser to the food packets. 
the transfer may be affected by weight differences resulting from different 
gravity levels, the process may be considered to be g-sensitive. 

To the extent that 

Food handling:- The manipulating of food and fluids in the food packets 
and handling of the packets themselves must be done without loss. Gravity is 
again involved as it determines weight, and changes in weight may affect this 
activity. 

Instrumentation.- The list of instrumentation processes shown in tables 1 
and 2, while including more types of measurements than those currently employed 
in the IISS, is not necessarily considered to be complete. It is, instead, 
intended to include those foreseeable processes which may reasonably be expected 
to be encountered in life support systems in general. For each of the measure- 
ments listed there are a variety of available methods, one or more of which are 
basically insensitive to gravity. However, gravity sensitivity may be expected 
to became a problem in the sampling area, with respect to the cpality of the 
sample used or the contact which is made with the sample. 



Idquid/- discrimination:- The primary problem With low o r  zero-g l iquid/  
gas detectors (other than those which simply provide visuaJ. observation of the 
f lu id)  has been the clearing of liquid from the detector when its gross envir- 
onment changes fran liquid t o  gas. 
the l iquid,  permits adhesive and cohesive forces t o  predominate resulting i n  a . 
liquid retention problem. 

Gas and bacterial  analysis; Temperature and humidity measurement:- These 
meamzsements have the common problem of representative sampling. 
samples, rather than the ent i re  mass, are used and adequate mixing within the 
mass of the material sampled is  necessasy. 
the  mixing of f l u i d s  t o  the  extent t ha t  density gradients exist. 

of l iqu ids  or solids (such as wick temperature i n  the water recovery unit)  is 
the assurance that the sensor makes satisfactory contact w i t h  the  material t o  
be monitored. 
the contact, the measurement may be expected t o  g-sensitive. 

Reduction of gravity, and hence weight of 

In  all cases, 

Gravity effects wiU be involved i n  

An additional problem, particularly with respect t o  temperature measurement 

If the weight of the sensor o r  of the material is involved i n  

Mechanical devices.- Two areas of interest  w i t h  regards t o  g-sensitivity 
of mechanical devices i n  general, may be identified. These are lubrication 
with fluids, and unbalanced mechanism movement. Lubrication with f luids  is 
acccmplished primarily through adhesive and cohesive forces. I n  some cases, 
the w e i g h t  of the f luid may assume some importance, and where th i s  is  the case, 
g-serdit ivity w i l l  exist. Movement of mechanisms such as relays, valves o r  
doors, which i n  any way is influenced by the weight of the mechanism o r  its 
caxponents, w i l l  exhibit g-sensitivity. 

Special conditions.- addition t o  the no support processes which 
been ~ s c u s s e a ,  it is be expected that i a l  conditions w i l l  occur 

due t o  causes such as accidents or 
anticipate a l l  such conditions and 
some of the more common ones, which are cle 
consideration i n  l ife suppart system design, are l isted i n  tables 1 and 2. 
They involve basically the release of material t o  the atmosphere, and i t s  
recovery; and the problem of fire. Gravity sensitivity, w i t h  regard t o  
materials release, w i l l  be manifested i n  the transport behavior of the material. 
Spillage recovery w i l l  involve retention as well as transport, both being 
potentially g-sensitive processes. The propagation and control of fires assumes 
g-sensitivity due t o  the thennal and hence, density gradients established i n  the 
atmosphere and combustion products. Density gradients may result i n  natural 
convection, i n  the presence of a gravity f ie ld ,  which i n  turn can effect  the 
combustion process by controlling both heat transfer and the rate of oxygen 
supplied t o  the  flame front. 

onent fa i lures .  
ciated or corrective processes, however, 

It is not possible t o  

g-sensitive and should receive I 

i 
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Performance Effects Ikre to Gravity-Sensitivity 

Identification of the g-sensitivities of the lISS ccmponents and processes 
discussed in the previous sections represents a first screening of items to be 
eventually considered as candidates for test. 
based on the importance of their g-sensitivities to the performance of the 
various life support system functions is the next necessary step. 
documented in this section of the report and includes: a subdivision of the 
somewhat gross lIsS processes into their more elemental g-sensitive (based on 
the matrix of table 2) processes; identification of the significant engineering 
phenamena associated with each elemental process (significant as regards 
g-sensitivity); and an analysis of ea& process to determine the importance of 
its g-sensitive character. 

Further screening of these items 

This task is 

The g-sensitive, elementary, ILSS processes referred to in a general manner 
in table 2 are specifically identified and listed in table 3. 

For purposes of analysis it is necessary to identify also the particular 
engineering phenomena or parameters, which are involved in the elemental pro- 
cesses, and which are significant in determining g-sensitivity. These engineer- 
ing parameters are included in table 3 opposite the appropriate process. 

Performance effects are considered first frum an individual process stand- 
point. 
of the process and Fran this the expected performance effects are appraised. 
Following the individual analysis, performance changes which may result from 
interrelationships among various processes are reviewed. 
summarized as a list of significantly g-sensitive processes to be considered 86 

candidates for testing. 

Appropriate analysis is performed to a8sess the degree of g-sensitivity 

The results are 

For convenience, the numbering applied to the following processes corre- 
sponds to that used in table 3. 

Thermal control.- 

Atmospheric heating : 

1. Solid-to-gas heating is dependent upon natural convection, forced con- 
vection, and conduction. 
nitrogen are essentially transparent in the spectral region corre- 
sponding to roam temperature). 
tion. 
environment, heating efficiency I s  maintained. 
convective film coefficient (h) is about 0.8 Btu/hr-ft - F at one 
atmosphere in air for a typical aircraft-type carrpartment. 
convective coefficient is a function of velocity and equal to O.23V 
where V is the velocity in feet per second. This ields an overall 

(Radiation can be neglected, as oxygen and 

The doaninant factor is normally convec- 
If forced convective currents are maintained in a zero-g 

The vep&cal natural 

The forced 

0.23V 2 where z 
in question to the standard 
element is absent but the 

film coefficient equal to h = ( 0.8 + 
is the density ratio of the atmosphere 
atmosphere. If' the natural convective 
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equivalent film coefficient provided by forced velocity, then 

atmospheric heating is practically insensitive to gravity, 

h - 0,23V - 0.8; V = 0,8/0.23 = 3.48 f%/sec. Conse 
' velocities are maintained' significantly above 209 

Failure to provide adequate forced convection in zero-g will cause 
increased temperature differences between exposed surfaces and the 
atmosphere and may result in critical temperature excursions of 
thennally sensitive items. 

Atmosphere cooling: 

2, The conditions described in No, lare amlogous to atmospheric Cooling. 
Forced convection can provide cooling requirements, and essentially 
eliminate g-sensitivity, 

3. Condensing heat exchanger efficiency is dependent upon maintaining a 
satisfactory film coefficient throughout its operation. 
of gas drag and l i q u i d  weight vary with g-variations, then relative 
sensitivity must be analyzed. 
gas stream and liquid film thicknesses are maintained by gas drag, are 
the pertinent factors, 

If the effects 

How liquid droplets are carried in the 

A rain drop has an average diameter of approximately loo0 microns. 

t 6 ft/sec. This velocity is also the minirmum upward gas velocity 
empirical data, the sinking rate, in standard air at one-g, is 

required to permanently suspend the drop. The velocity is the result 
of drag forces acting against gravilational acceleration to produce a 
uniform qeed (no net acceleration), As drop size decreases, the 

rate decreases (2 ft/mtn for 20 micron fog). For a given 
size, sinking rate also deereases with gravity. 

about 3 to 4 ft/sec, Flow velocities within the heat 
This velocity range, working against 
micron drop, 
w e  sufficiently s m a l l  that they can easily be carried in the heat 
exchanger against one-g. 
droplets may be carried. Zero ration w i l l  be at least as 
efficient as in one-g in this c s is also true when 
drag forces act perpendicular t against gravity. 
For cases in which drag forces and gravity are in the s8me direction, 
a decrease in efficiency in going frun 1 to zero-g may be expected, 

suspend a 250 to kK, 
Rruplets formed by condensation within the gas stream 

With decreasing gravity, progressively larger 

Condensation may also take place on the heat exchanger surface. 
Assuming dmpwlse condensation, the drups may be carried away by the 
gas stream, or may collect to form an effective film, Since filmwise 
condensation may also occur, fluid build-up is likely. The phenanena 

in fluid build-up include gas drag at the film surface, 
liquid condensation rate and liquid weight. 'E?um an analysis following 
the approach discussed under Interface Dynemics in the previous section, 
it appears that gravity effects are not significant during initial film 
build-up (to perhaps 10-20 microns). However as gas drag during this 
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early build-up period is insufficient t o  give any appreciable motion t o  
the film, the film remains within the heat exchanger and continues t o  
build i n  thickness. The film is eventually removed i n  one of two ways: 
it either "runs off" due t o  gravity; or  surface instabilities induced 
by gas drag occur causing it t o  break up into droplets which then may 
be carried away by the gas stream. 
is  i n  the region of 50 t o  100 ft /sec gas velocity. 
process may be considered t o  be g-sensitive. 

It appears that  the trade-off point 
Below 50 ft/sec the 

Consequently, i n  the range of 3 t o  4 ft /sec currently considered, 
both the heat exchanger fi lm coefficient and the l iquid transport are 
significantly g-sensitive. Appreciable performance variations may 
therefore be expected. If gravity forces are i n  a direction favoring 
normal flow, a decrease i n  performance fram 1 t o  zero-g may be expected. 
The reverse may be expected if gravity forces are i n  the opposite 
direction. 

Atmosphere m i x i n g :  

4. Thermal m i x i n g  of the atmosphere i n  one-g i s  dependent upon conduction 
and natural convection where there i s  no forced circulation. N a t u r a l  
convection, resulting from density gradients, is  the dominant factor. 
I n  zero-g, forced convection must be provided t o  equal one-g convective 
currents fo r  equivalent 1 t o  zero-g mixing conditions. 
airconditioning tests indicate that a velocity of 50 ft/min is  adequate 
f o r  t h i s  thermal mixing. 
atmosphere w i l l  be sufficient f o r  atmospheric heating and cooling 
(processes 1 and 2), they w i l l  then be more than adequate f o r  thermal 
mixing . 

Standard one-g 

Assuming that velocit ies within the USS 

On the other hand, fa i lure  t o  provide the necessary circulation 
w i l l  resul t  i n  pronounced temperature gradients throughout the atmos- 
phere ( for  the  zero-g condition). 
the cabin temperature control depending upon location of the  thermostat. 

This, i n  turn  can seriously upset 

5. Composition m i x i n g  depends upon diffusion and convection. In  one-g, 
density and thermal gradients produce natural convection which promotes 
composition mixing at satisfactory levels for  the gases of the earth 
environment. The same analysis as i n  No. 4 applies here. 

The consequence of inadequate composition m i x i n g  can become severe 
over extended periods as hazardous gaseous products may accumulate 
locally above acceptable levels. 

Humidity control: 

6. Liquid condensation i n  the heat exchanger i s  related t o  the heat trans- 
fer  rate discussed i n  process 3, and the same analysis applies. 
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7. !Praxsporting the condensed l iquid by a gas stream from condenser t o  
I separator is an extension of the phenomena descri i n  process 3. A 

"channeled" transport i s  involved i n  which the li is  carried with 
the gas stream t o  bring it i n  position t o  be deposited on the separator 
surfaces. This is essentially covered i n  3. Following this, i n e r t i a l  
or centrifugal forces are ut i l ized t o  "throw" the  l iquid out of the 
gas stream and into contact with t h e  separator surfaces. Gravity 

' s ens i t i v i ty  f o r  th i s  process depends upon the relative directions and 
magnitudes of the ine r t i a l  and gravitational forces, Analysis shows 
that f o r  droplet velocit ies as low as 4-5 ft/sec, the i n e r t i a l  force 
magnitudes are several times the droplet  w e i g h t s .  Considering also the 
fact that the i n e r t i a l  forces are contirmously changing direction, it 
can be asserted that, with the exception of the phenomena covered under 
lb. 3, the  transport process i s  essentially gravity independent. 

Once the l iqu id  is  i n  contact with the porous plates  of the separator 
it may progress through, o r  collect  i n  some manner and be carried off 
again. The behavior depends upon the relat ive magnitudes of gravita- 
tional, capil lary and pressure forces, Assuming sufficient pressure 
d i f f e r e n t i a  across the plates t o  off-set any hydrostatic pressure 
head, the significant parameters t o  be compared f o r  determining 
g-sensitivity are gravitational or  weight forces and capillary o r  
suzface tension forces. 

8. 

1 
The most unfavorable orientation f o r  t h i s  comparison is  a ver t ical ly  

i force vector, Thus, if L is  the long p la te  d.lmension, and R is  1 

i 

mounted plate, having i ts  longest dimension aligned wi th  the gravity 

pore radius: 

s 
II 

gravitational force = p g L ; and 
capillary force = 2 a/R 

For an L of 1 ft. and an R of 5 microns, the capillary force 
is found t o  be approximately w )  times the gravitational. 
indicate g-insensitivity, especially since the actual U S S  porous plates 
are felt  t o  have effective pore sizes somewhat smaller than 5 microns. 

This would 
' 1  i 

This is further supported by te s t ing  at NASA Langley i n  which a 
water saturated porous plate, of the IISS material, w a s  exposed t o  a 
pressure di f fe ren t ia l  of 7 p s i  with no indication of gas break-through, 
The high pressure side of the plate  was exposed t o  air, while the 
apposite side was i n  contact w i t h  water; the p la te  forming one w a l l  of 
a water f i l l e d  chamber. 

9. When not i n  normal operation or  when servicing is  required, the effect  
of p y r i t y  on l i q u i d  retention i n  the  porous p la te  separator must be 
considered, 
implying g-insensitivity except i n  the case of high mechanical or  
manual accelerations. 

In  general, the preceding analysis of process 8 applies, 
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An alternate design, which w i U .  perfom a J l  the f b c t i o n s  of the processes 
described under humidity control, has been suggested by the NASA Technical 
Representative. This design provides for  i n i t i a l  condensation t o  take place 
on the porous plate  and thus eliminates the problems of liquid transport t o  the 
sepamtor surfaces. 
plate are similar t o  those discussed above and the analysis is felt t o  apply. 

The conditions of liquid behavior i n  and on the porous 

It should be noted that  wetting surfaces, particularly on the porous plates 
have been assumed throughout the anaQ-ses. In the event the surf'aces became 
non-wetting, such as by the introduction of a malz a p n t i t y  of o i l  t o  a dry 
surf'ace, the separation mechanism w i l l  l'break-downl' and the process w i l l  becane 
extremely inefficient or fa i l  entirely, 
that  a thoroughly wetted p.mous plate i s  not affected by oi l ,  provided that  no 
drying of the plate is permitted, 

It has been found by qer imenta t ion  

ThermaL f luid control: 

10. Gas-liquid separation; eliminating gas from f luid lines; requires a 
different approach from that normalLy used i n  one-g, where w e i g h t  
differences may be utilized. In  many cases, gas removal does not appear 
feasible without design change. A specific design concept for  a gas 
eliminator has been proposed by the NASA Technical Representative, which 
u t i l i zes  semi-pemeable membranes (or porous plates) t o  selectively 
discriminate between gas and l iqu id ,  
possible t o  design such a gas eliminator which i s  independent of gravity, 
validity of assumption, primarily concerning wetting behavior, suggests 
that g-sensitivity be examined experimentally. 

While it appears theoretically 

U, E. Ixzring servicing of the  f luid systems, the f lu id  itself must be 
controlled t o  prevent spillage, 
with the fluid retained i n  the system or it may be necessasyto remove, 
and later replace it. 
functions, an adequate analysis cannot be performed. It may be noted, 
however, that i n  zero-g, the dominance of capillary forces suggests the 
retention of f luids  as being most promising. 
gravity level  of lom7&;, water is  readily retained i n  an open one-inch 
tube. 

It may be possible t o  perfom the service 

As processes have not been specified for  these 

For example, at a low 

Atmospheric control.- 

Carbon dioxide reduction system - Bosch reaction: 

13. Carbon transport from the collection plates t o  the collector bag is  
dependent upon gas drag, carbon par t ic le  weight and possible adhesive 
forces (such as electrostatic) which may exist. The analysis of pro- 
cess 3 is applicable with respect t o  gas drag and weight, however 
knowledge of par t ic le  size, configuration and bulk density i s  needed 
for a rea l i s t i c  study, 
plates and particles taken from the collector bag, these variables 
appear random i n  nature. Consequently, the g-sensitivity of th i s  
process is not menable t o  satisfactory analysis. Unfortunately, 
significant g-sensitivity can result  i n  severe degradation of the 

From inspection of carbon accumulations on the 
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process, both f r a m  a mechanical and reaction standpoint. As a result, 
it is  felt  that further experimentation is both desireable and 
necessary f o r  a valid determination of g-sensitivity. 

Carbon dioxide reduction system - Carbon collection: 

Carbon retention i n  the bag is dependent upon weight and gas drag. 
When carried into the bag, carbon w i l l  adhere or  rebound at  reduced 
mamenturn, and eventually be returned t o  the bag. The same variables 
and uncertainties enter into the transport of carbon into the bag as 
discussed i n  process l.3 above. 
the i n i t i a l  transport into the bag can be made insensitive t o  gravity, 
then its retention within the bag can be considered essentiaUy 
independent of gravity, 

Carbon bag servicing is  sensitive under any gravity field.  
w i l l  be a function of par t ic le  s i z e  o r  weight. Any forces exerted by 
handling the carbon bag w i l l  tend t o  accelerate particles out of the 
collector, as a function of par t ic le  weight and hence gravity. This 
should be considered as a ~ i c u l a r l y  c r i t i c a l  process as the intro- 
duction of f inely divided carbon par t ic les  into the cabin atmosphere 
can create a serious explosion hazard, 

However, i f  the assumption is  made that 

Sensit ivity 

Carbon dioxide reduction system - Water removal: 

16 . 
0 

18 . 

19 0 

The condensing heat exchange process i n  the carbon dioxide system is 
the sane as described i n  process 3, 

The process of transporting the l i q u i d  from the condenser t o  the fibrous 
material i n  the separator is also the same as described i n  3, however, 
the movement of liquid droplets and film along the fibers t o  the porous 
plate involves the additional phenomena of adhesion or capillary force. 
The question that ar ises  is the balance between capillary and gravity 
forces. This has been treated under process 8 f o r  s m a l l  pore sizes. 
I n  the present case, however, the effective pores within the fibrous 
material are very mhch larger (estimated t o  be 100 t o  1000 
g-sensitivity may be expected. 

The porous plate water separation analysis presented under 
applies here as'does the discussion of the alternate, mAsA 
separator. 

The problem associated with l i qu id  retention i n  the  porous 
servicing is the same as that discussed under process 9, 

Electrolysis system - Gas removd: 

20. Gas removal from the inlet water refers t o  essentially the 
t ion as discussed for  thermal f luids  control, process 10. 

microns) and 

process 8 
suggested 

plates during 

same s i tua-  
Failure t o  

control the gases, however, and their introdkction into the cel ls  can 
seriousw impair c e l l  performance by al ter ing the *chemical balance and 
displacing required electrolyte. 



21. The process for removal of gases initially, prior to cell operation, is 
not specified and consequently cannot be analyzed for g-sensitivity. 

' It is felt, however, that the gas eliminator sugge by NASA and 
discussed under process 10, could be utilized here. 

Electrolysis system - Cell operation: 
22 . 

23 

24. 

Thermal mixing of the electrolyte depends upon convection, conduction, 
and possibly electrical field forces. In a gravitational field, some 
natural convection m y  occur though, at best, it will be quite small 
due to the restrictive dimensions of the cell liquid volume. 
lends itself readily, however, to conductive heat transfer and this 
effect can be eqected to be significantly greater than that due to 
natural convection. Consequently it is felt that the cells are not 
significantly affected by gravity in this respect. 

The unit 

Composition mixing involves slmilar processes with the exception of 
conduction. 
inherent part of conduction). 
by the relative significance of natural convection versus forced con- 
vection, diffusion and possible electrical forces. 
convection effects will be practically negligible due to the cell 
dimensions. 
the cell and possibly due to action of the electric fields. 
dminant mixing influence, however, may be expected to be diffusion, 
and no significant g-sensitivity is felt to exist. 

( F r o m  a thermal standpoint, diffusion is considered as an 
In this case, g-sensitivity is measured 

Again, natural 

Some forced convection will occur due to water flow into 
The 

The process of gas separation from liquid at the semi-permeable mem- 
brane is not clearly understood. It has been demonstrated, though, 
that a properly designed and assembled unit will effectively separate 
the two under one-g conditions with the gravity force vector in the 
most unfavorable orientation. 
tend to enhance the separation process, it may be safely assumed that 
this process, under proper hardware conditions, is not sensitive to 
gravi t y . 

Since any reduction in g-level will only 

Electrolysis system - Hydrogen dehumidification: 
25. No process is currently specified for dehumidification of hydrogen 

The alternate separator discussed leaving the electrolysis units. 
under process 8 would appear to be a logical candidate and the ca~mnents 
in that section would apply. 

Electrolysis system - Nitrogen purge: 
26. Nitrogen purge in servicing the electrolysis unit is dependent upon 

adequate composition mixing of nitrogen with substances in the unit. 
The configuration of passages and chambers within the unit precludes 
the use of natural convection to accomplish the purge. 
although some degree of natural convection will occur, it will be 
incidental to the purge process. 
of forced convection. 

Consequently, 

Effective purging will be the result 
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An alternate electrolysis un i t  design has been suggested by the 
NASA Technical Representative. 
hydroxide electrolyte i n  an asbestos matrix. It would appear t o  elimi- 
nate some of the problems encountered with the current units, and would 
not i m l v e  the discussions given i n  processes 21 through 24 above. 
Its internal design however could lead t o  l i q u i d  entrainment i n  the 
exiting gases due t o  capillary forces. 
materials i n  appropriate areas could possibly prevent this,  but experi- 
mentation is necessary. Because of this potent ia l  probLem of capillar-  
i ty,  performance changes between 1 and zero-g may be expected. 

This design u t i l i ze s  a potassium 

The use of effective non-wetting 

Cbntspninsnt control: 

2'7. Retention of particulate matter during servicing of contaminant control 
filters is related t o  carbon bag servicing discussed as process 15. 
lass of par t ic les  t o  the atmosphere w i l l  depend on manually applied 
forces and par t ic le  weight, and is thus g-sensitive. 
of the atmosphere may occur, par t ic le  loss  can effectively degrade the 
performance of the contaminant control system. 

As recontamination 

Cryogenic supplies: 

28. Subcritical storage of oxygen and nitrogen'supplies has been proposed 
f o r  the USS, but the study w a s  not carried t o  the depth necessaryto 
produce a detail design concept w i t h  respect t o  heaters and heat 
exchangers. It has been demonstrated experimentally that  nucleate 
boiling rates do not vary measurably between 1 and zero-g, however, 
thenaal s t ra t i f ica t ion  and bubble configuration which can interfere 
with boiling, are definitely g-sensitive. It is fe l t  tha t  a heater 
design technique essentially independent of gravity is  feasible but no 

is considered . 

I 
i 
i 

v a l i d  assessment of g-sensitivity can be made u n t i l  a specific design . .s 

29. As i n  the previous case, a specific design technique is needed f o r  a 

Water management. - 
valid g-sensitivity assessment. 

Chemical  treatment: 

30. Composition mixing of chemicals and process water i n  the dilution tanks 
. I  

1 
depends on diffusion and convection. Injection of the chemicals and 
water f l a w  through the system will create sane degree of forced con- 
vection. 
gradients. On the other hand, density gradients, appropriately aligned 
cannot only eliminate natural convection but can appreciably attenuate 
forced convection. Due t o  the  complex nature of these mixing phenamena 
it i s  fe l t  t ha t  the process must be considered as g-sensitive. I n  
addition, since f a i lu re  t o  achieve adequate mixing could present a 
serious health hazard, the process should be considered as a test 
candidate. 

N a t u r a l  convection w i l l  occur where induced by density c. 

f 
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Gas 

31. 

Gas 

32. 

3k.  

Gas 

35 0 

Gas 

36 0 

evaporation - Fluid wicking: 

Liquid transport i n  the evaporation wick i s  a function of the weight- 
capillary force balance. Theoretically, a wick of sufficiently smal l  
effective pore s i z e  would transport water almost as w e l l  i n  one-g as 
i n  zero-g. Such a wick would present 
no significant g-sensitivity, and tes t ing has indicated that  such wicks 
are available. 

(See the analysis of process 8). 

evaporation - Water removal: 

33. 
port t o  the separator are essentially the same as the processes 
described under process 3, and the analysis i n  tha t  section is  consid- 
ered applicable here. 
t he i r  effect  on the  overall process i s  not significant). 

The condensation of l i q u i d  i n  the  heat exchanger and l iquid trans- 

(Actual velocit ies are somewhat higher here, but 

Gravity sensi t ivi ty  within the centrifugal separator i s  determined 
primarily by the relationship between centrifugal (or  iner t ia l )  and 
gravity forces. 
at speeds of 200 t o  300 RPM. 
1500 t o  2000 HPM, the gravitational effect  may be considered negligible. 

Analysis indicates the two t o  be approximately equal 
As anticipated speeds are i n  the range 

evaporation - Wick replacement: 

Retention of l iquid i n  the separator during servicing creates a poten- 
t ial  problem by impairing start-up performance. The location and con- 
figuration of t h i s  l i q u i d  and consequently i t s  effects may vary between 
1 and zero-g depending on the relat ive significance of capillary and 
gravity forces. 'Ilhe value of a detailed analysis of t h i s  condition is 
questionable due t o  the complex geometries involved, and uncertainties 
i n  f lu id  and surface properties. 
t i v i t y  can best be determined experimentally. 

It is  fe l t  that  the degree of g-sensi- 

evaporation - Purity measurement: 

As analysis indicates that  no significant density gradients are t o  be 
anticipated, t h i s  process may be considered insensitive t o  gravity. 

Qeznical  treatment - Wash water: 

37. 'Ilhis process is essentially the same a6 tha t  described i n  process 30. 
The same analysis is  therefore appliaable. 

Fluid storage: 

38. No process i s  specified fo r  f lu id  control during servicing. The 
discussion under process 12 applies. 

39. Maintenance of the water i n  a gas-free condition is essent ia l ly  the 
same as that described under process 10 fo r  t h e  thermal f l u i d  systems. 
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Waste management.- 

Waste handling: 

40. Transport of the feces from the collector case t o  the dr ie r  and then 
t o  the storage container is a manual process closely related t o  that 
f o r  carbon bag servicing, process 15, 
by nature of' the waste particles,  could present a health hazard. It 
is fe l t  that emerimental verification of the technique is  needed. 

' 

It is  clearly g-sensitive, and 

Collecting and flushing: 

41. Gas transport of the l iquid and solid wastes can, i n  general, be 
treated by the same analysis as given for  process 3. 
however, as they involve manual functions which i n  large part  deter- 
mining i n i t i a l  motion and orientation of the wastes, they are not 
readily amenable t o  a valid analysis. 
study i s  necessary. 

In  th i s  case 

It is f e l t  that experimental 

Urine-gas separation: 

42. Cent r i rna l  separation of the liquid from the gas i s  essentially the 
same from a g-sensitivity standpoint as that discussed under process 34. 

43 The discussion of l i q u i d  retention during servicing which was given for  
process 35 is applicable here. 

Vacuum drying: 

44. Collected wastes, i n  permeable containers, when placed i n  the  vacuum 
d r y e r  depend on convection, conduction and radiation f o r  the heat 
transfer required t o  permit drying, All these phenamena play a par t  i n  
a one-g environment. The waste container, due t o  weight, rests on the 
heated surface where conduction occurs. Radiation takes place from the  
heated s i d e  w a l l s  and evaporated gases provide a degree of convection. 
I n  zero-g, conduction is  reduced t o  random contact and no natural con- 
vection i s  present. 
same. Analysis of t h i s  design fo r  zero-g operation indicates need f o r  
redesign rather than zero-g testing, 
heating o r  a combination of radiation and weight independent conduc- 
tion, no significant g-sensitivity occurs. 
performance is  t o  protract the required drying period, 

Only radiation heating remains essentially the 

If design is based on radiant 

The effect of poor thermal 

Waste storage: 

45. Retention of d r i ed  solids i n  storage containers presents some handling 
problems which are g-sensitive. h'oper storage placement and creation 

drag forces by a vacuum or  recirculating gas flow may be 
adequate t o  confine dr ied materials. Uncertainties regarding the 
magnitude of velocity levels and forces preclude a valid g-sensitivity 
analysis without fur ther  experimentation. 

i 
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Personal hygiene.- 

Water heating: . 
46. Solid t o  l iquid heating is dependent upon conduction and convection. 

In  zero-g, when water is not being actually drawn from the container, 
the l i q u i d  w i l l  be qiescent ,  relying solely upon conductive heat 
transfer. With the  present design i n  one-g, heat transfer by natural 
convection w i l l  predominate. Pronounced g-sensitivity exists, with 
the heat transfer rates being markedly lower i n  zero-g. It should be 
noted that a design based on conduction predominance could effectively 
eliminate g-sensit ivity. 

47. Thermal mixing i s  closely related t o  the  above involving the same 
phenomena and considerations. In  one-g relat ively unAform temperatures 
w i l l  exis t  due t o  natural convection. 
severe temperature gradients may be expected i n  which boiling may 
actually take place. 
water heater performance. 

In  zero-g, on the other hand, 

Any steam formation could seriously impair the 

Sponge operation: 

48. Liquid retention i n  a sponge is a function of l iqu id  w e i g h t ,  capil lar-  
i t y  and manual dexterity regardless of the gravitational fields from 
1 t o  near zero. 
becomes excessive for  a given g-level. With zero-g, capil lary forces 
predominate. 
perly done, spil lage can be eliminated. 
provide easier, non-spill washing. Gravity sensi t ivi ty  tes t ing of man 
and machine is  required f o r  th i s  process. 

Capillary forces dominate unless l i q u i d  weight 

If manual use of the sponge system under one-g is  pro- 
Similar use i n  zero-g may 

Water-Air separation: 

49. 50. From a g-sensitivity standpoint, the discussions under processes 
34 and 35 apply here. 

Debris collection and storage: 

51. Transport of debris, as whiskers, hair and na i l  cuttings t o  a collector 
bag and stowage of the bag involve gas drag, weight and manual forces 
as discussed previously in  processes 13, 15 and 45. 
experimentation i s  necessary t o  adequately assess g-sensitivity. 

It i s  fe l t  t ha t  

Food management.- 

Water heating and cooling: 

52. 53. These processes are essentially identical  with numbers 46 and 47. 
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Water dispensing: 

54. 55. Liquid is  transported throughout the water system by pneumaticaUy- 
actuated pumping. Provisions are made for  dispensing direct ly  into 
food and drinking containers which are sealed, on f i l l ing ,  with the 
hands. Manual dexterity, improved w i t h  practice, is needed t o  insure ' 

containment. Solid food handling is also a manual operation though 
provisions are made for  holding down containers and packages when not 
i n  use. 
man-machine testing. These processes o r  procedures have been used on 
Mercury and Gemini flights, and their  g-sensit ivit ies have apparently 
created no serious problem, 

Practice i n  eating procedures and waste collection requires 

Instrumentation. - 
Liquid-gas discrlmination: 

56. No process has been specified f o r  liquid-gas discrimination. 

Gas analysis: 

57. Gas analysis requires a representative sample. Camposition mixing is  
the relevant phenomenom and is analyzed under process 5. 

Picter ia  analysis : 

58. As i n  the above case, representative sampling through composition 
m i x i n g  i s  required for  bacteria analysis. 
under processes 5 and 30. 

The processes are discussed 

Temperature measurement: 

59. Temperature measurement accuracy i s  dependent upon adequate thermal 
mixing. 
f o r  gases and l i c p i d s  respectively. 

The important aspects are discussed under processes 4 and 47 

Humidity measurement: 

60. This requires representative gas mixing as i n  the case of gas analysis. 
Process 5 includes the relevant phenomena. 

Mechanical devices.- 

Lubrication: 

61. Lubrication characteristics, are dependent upon the a b i l i t y  of the 
lubricant t o  maintain a f i b  throughout the required area. This is a 
finction of the l iquid 's  adhesive behavior. 
atmosphere may ac t  against these adhesive forces, however, zero-g may 
be expected t o  improve overall lubrication characteristics. 
gravity tes t ing should be required f o r  lubrication. 

Gravity i n  the earth's 

No low 
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Performance : 

62. The movement of mechanical parts, unless they are'alppropriately 
balanced, w i l l  involve weight forces i n  a gravity field which vanish 
i n  zero-g. 
connection w i t h  the various servicing and handling operations. The 
problem is more one of proper design and personnel training than of 
zero-g phenomenological testing. 

Many situations of t h i s  nature have been discussed i n  

Special conditions . - 
'r Gas leakage: I 

63. In  the event of gas leakage, the question of g-sensit ivity enters into 
the m i x i n g  behavior of the gas with the cabin atmosphere. The discus- 
sion of process 5 i s  pertinent. If forced convection is dominant, no 
significant performance difference between 1 and zero-g is  anticipated. 

Fluids release: 

64. Released l i q u i d s  w i l l  be carried throughout the cabin by t h e i r  i n i t i a l  
mmentum and gas drag, The effect  of gas drag may be treated i n  a 
manner similar t o  that  used f o r  process 3. Eventually the  l iquids 
w i l l  adhere t o  component o r  cabin surfaces or  w i l l  be swept by entrain- 
ment into one o r  more of the subsystems. In  one-g there w i l l  be the 
tendency fo r  the l iquid t o  collect  i n  pools, minimizing exposure time 
of the liquid, spillage recovery efforts, and the amount s w e p t  into 
the subsystems. 
considerably magnified though the process, being random, is  not amen- 
able t o  a n d y t i c a l  quantification. 
value could be obtained experimentally. 

I n  zero-g the problems presented can obviously be 

It i s  fe l t  that information of 

Solids release: 

i 
65. Solids released into the cabin atmosphere w i l l  be transported as 

indicated above. 
wetting liquids but i n  general, the analysis under process 64 applies 
here as w e l l .  

Adhesive forces w i l l  be less significant than f o r  

I 
\ Flame propagation: 

66. 67. Research, testing, and analysis have been devoted t o  flame propa- 
gation f o r  many years. Studies of flame and f i re  characterist ics have 
involved variation of oxygen partial  pressure levels, contaminant pro- 
duction, specific material characteristics and flame suppression tech- 
niques. For the purposes of t h i s  study, only g-sensitivity is a 
variable. From d a t a  accumulated, a l l  have concluded that one-g flame 
characteristics are altered i n  zero-g, though the imposition of s m a l l  
force fields may accelerate zero-g burning rates. 
ment does not noticeably change ignition energy. 

i s t i c  peaks which convective currents produce. 
is  predominantly a diffusion-limited, non-convective flame. 

f 

[ 
A zero-g environ- 

While flame will 

The spherical corona 
' propagate along a surface, flame shapes i n  zero-g lack the character- 
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diffusion-dominated aspects 

w i l l  be dependent on fuel, 

ction of convection in zero-g 

Thi 
e propagation will, under convective forces, re 
as it does under one-g. 
use and it is felt that low an 

o quantif'y g-sensitivity for specific 
conditions. 

.- Based on the 
gated to dete pertinent effects, if 

mcesses and 

erfonnance of 

sl-water mixi 
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immediately obvious and might be considered more as side effects. 
t he  more significant interrelationships is  given i n  table 4. 

A l i s t i n g  of 

Predominant among the  ident i f ied interrelationships are those involving some 
form of atmosphere contamination. Zero gravity effects within many of the pro- 
cesses can re su l t  i n  release t o  t h e  atmosphere of l iquids ,  gases, o r  solid 
par t ic les .  It i s  s ignif icant  that ,  except f o r  special  conditions of 1eakage.or 
f i r e ,  the g-sensi t ivi ty  is  involved i n  a manual process of some kind. The con- 
sequence of the  contamination is, of course, dependent upon the nature of the 
contaminant. Solid pa r t i c l e  release, i n  addition t o  creating a spi l lage 
recovery problem, can w e l l  r esu l t  i n  a health o r  explosive hazard. 
released i n  zero-g, can r e su l t  i n  performance degradation of a number of sub- 
systems through corrosive action, e l ec t r i ca l  shorting, and loading of adsorption 
beds and f i l ters .  
seriously degraded or completely stopped by exposure of the plates t o  certain 
o i l s  or  other hydrophobic f lu ids  such as the si l icones.  Gaseous combustion 
products, which may be affected by the altered combustion process i n  zero-g, 
may prove t o  be s ignif icant  hazards from a toxic i ty  standpoint by overloading 
the  contaminant control system. 

Liquids, 

Gas-water separation by the  use of porous plates can be 

Important interrelationships a l so  occur involving gas contamination or 
Gases may enter  the l iquid systems through f au l ty  gas- accumulation i n  l iquids.  

l iquid separators o r  during servicing operation and may accumulate and become 
trapped in  c r i t i c a l  regions. Heat transfer, i n  processes u t i l i z ing  t h e  per- 
formance of systems requiring water may be impaired. Ths most c r i t i c a l  of the 
latter i s  probably the e lec t ro lys i s  uni t  which w i l l  l i ke ly  require a special  
gas elimination device. 

The sens i t iv i ty  of the  Bosch reaction t o  moisture content of the  gas stream 
makes t h i s  u n i t  par t icu lar ly  susceptible t o  reduced performance due t o  fa i lure  
of the "in-line" liquid-gas separator o r  water introduction i n  the hydrogen gas. 
These la t ter  processes are both considered g-sensitive. 

The last  item l i s t e d  i s  tha t  of flame control by blower shut-down. It might 
be added, t h a t  shut-down of t h e  c i rculat ion system f o r  any reason w i l l  introdi:ce 
a l l  of the thermal and gaseous mixing problems referred t o  under processes 1, 2, 
4 and 5. 

Gravity sensi t ive phenomena and processes - Candidates f o r  test.- From the  
foregoing process analyses and study, those items f e l t  t o  be s ignif icant ly  
g-sensitive and requiring a form of tes t ing  t o  investigate possible performance 
variations at t h i s  l eve l  of screening have been identified and are l i s t e d  i n  
table 5. Further study and screening of these test  
remaining selection considerations are discussed i n  

candidates based on the 
the following sections. 
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Table 4. - Interrela%ed Pracesses 

G-Sensitive Process - - - - - - - - - -  Related Ef'fects - - - - - - - -  
Atmosphere contamination with solids 

15 Carbon bag servicing - explosive hazard, filter loading 

2'7 Particulate filter servicing - health hazard, filter loading 

,b 
1 

40 Feces bag handling - health hazard 

41 Waste transport by gas flow - health hazard 

45 Stored waste retention - health hazard 

51 Debris transport 

65 Special solids release 

- health hazard 

- physical damage or injury 

i Atmosphere contamination with liquids 
- health hazard I 41 Waste transport by gas flow 

s8 Liquid retention in sponge - health hazard, water damage 

64 Fluids release, leakage - water, thermal fluids damage 

Atmosphere contamination with gases 

66 Cambustion of fluids - contaminant control overloading '$ i 

67 Canbustion of solids - contaminant control cnrerloadi *i 
Gas accumulation in liquids 

39 Water system gas eliminator 

20 Electrolysis feed gas eliminator 

10 Thermal fluids gas eliminator 

Special cases 

16 602 reactor L/G separator 

25 Hydrogen dehumidification 

68 Flame control blower shut-down 

- loss of control over measured 
water quantities 

- electrolysis cell degradation 

- heat exchanger efficiency loss 

sch reaction degradation 

- Bosch reaction degradation 

- atmosphere thermal and mixing 
degradation 
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T e s t  Candidate Screening Analyses 

In  addition t o  the elimination of processes as potential  test candidates 
due t o  their lack of significant g-sensitivity, other screening c r i t e r i a  must 
be applied t o  ensure that any suggested experimental testing w i l l  be both 
necessary and sufficient, w i t h  regard t o  assessing IWS g-sensitivity, These 
cr i ter ia ,  and their application t o  the test candidates of table 5 are presented 
i n  th i s  section. For convenience of presentation, the c r i t e r i a  are categorized 
as follows: 

Testing is  determined t o  be beyond the scope of th i s  program because: 

A. There is presently no coarrponent o r  process i n  the Us5 
representing the t e s t  candidate. 
identified only because of their pertinence t o  a satis- 
factorily operating zero-g system) , 

(These itens have been 

B, Further system or  component development is  fe l t  t o  be 
needed prior t o  consideration for  testing. 

C. The test candidates involve man-machine interface 
problems 

state, can be made essentially g-insensitive by rather 
elementary redesign. 

J 

D, The components, although g-sensitive i n  the i r  present 

Testing is  fe l t  t o  be unwarranted as detailed studies have shown that 
the g-sensitivities of the processes involved can be adequately predicted by 
analytical techniques. 

Discussions of the test candidates of table 5 which may be eliminated 
from further test consideration are given below: 

A. No present camponent or process i n  USS,- 

Lo. 11, U. 
tenance operations of the thermal. f luids  systems while i n  a low 
or zero-g condition. 
or other system malfunction, a maintenance operation which 
involves opening the f luid plumbing w i l l  be required. 
removal of the fluid is  also required, a w e l l  defined procedure 
and necessary servicing equipment should be available. 
servicing can be performed without removing the f luid then same 
scheme mast be provided for its retention. Tzz any event gas 
entrapent  within the system as a re su l t  of the servicing pro- 
cess is  highly probable. Consequently, a procedure or  device 
fo r  “bleeding” th i s  gas from the system needs consideration. 
A t  present, neither the devices nor procedures for  a c c a -  
plishing these tasks exist, and hence they cannot be considered 
further as candidates for  validation testing. 

These processes are related t o  servicing or main- 

It is  t o  be expected that due t o  leakage 

If 
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20. 21. These processes refer t o  the exclusion, and i n i t i a l  
removal of gases from the e lec t ro ly te  chambers of the elec- 
t ro lys i s  cel ls .  In  sp i t e  of e f f o r t s  t o  maintain a gas free 
water system, inadvertent introduction of gas in to  the  water 
supply is a d i s t i n c t  poss ib i l i t y  and provision should be 
made, where necessary, f o r  its removal. The inlet  t o  the 
e lec t ro lys i s  un i t  i s  such a location, and a highly e f f i c i en t  
device is  needed a t  th i s  point f o r  gas rejection. 
entrapnent within the c e l l s  may also occur i n  the event t h a t  
e lec t ro ly te  removal and replacement is necessary f o r  servicing 
o r  repair  functions. 
"bleeding." A s  provisions are not available f o r  t h i s  "gas 
control" problem, they cannot be considered f o r  test. 

Gas 

Provision should be made f o r  t h i s  gas 

25. 
reaction, i t s  dehumidification p r io r  t o  entering the carbon 
dioxide reduction un i t  may be required. 
available specif ical ly  fo r  acccmplishing this ,  
f i ca t ion  processes are used i n  the water management and cabin 
humidity control systems but nei ther  is considered t o  be 
completely acceptable. 
which may be considered as a test candidate f o r  t h i s  process. 

Due t o  the  use of e l ec t ro ly t i c  hydrogen i n  the Bosch 

No ccmponent is  
Dehumidi- 

Consequently there  i s  no component 

38, 39. With exception of the  f lu ids  involved, the problem 
of water retent ion i n  the plumbing during servicing, and of 
gas removal from the system, are essent ia l ly  the  same as 
described under processes 10 and 12 above. The conclusions 
are also the  same i n  tha t  the absence of necessary components 
and procedures precludes t h e i r  fur ther  consideration as test 
candidates. 

69. 
t o  involve several  techniques and/or devices. 
however, these have not received suf f ic ien t  a t ten t ion  t o  pro- 
duce a concept f o r  testing. 

The recovery of spi l lage of various types can be expected 
A t  present 

Bo Areas requiring f'urther dwelapnent p r io r  t o  zero-g testing.- 

1. 2. 4. 6. The heat t ransfer  and mixing processes of a cabin 
atmosphere w i l l ,  i n  general, require experimental t e s t ing  t o  
assure that  under zero-g, adequate ve loc i t ies  w i l l  exist where 
needed. "he testing needed is i n  regards t o  spec i f ic  items; 
w i t h  specif ic  configurations, gas generating character is t ics  
and heat loads; and located i n  specif ic  areas. Consequently 
the  information t o  be gained from a test of the IISS w i l l  be 
d i r ec t ly  applicable only t o  the  immediate ccmponent arrange- 
ment and configuration which are peculiar t o  the USS and w i l l  
be of l i t t l e  benefit  t o  other cabin configurations. I n  view 
of t h i s  questionable value of the testing, it i s  f e l t  tha t  
these items, 1. 2. 4. and 6 should be excluded froan fur ther  
consideration as test  candidates. 
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13. The problems involved in rem& of carbon particles 
fmm the Bosch reaction, and their transport to the 
collector by air drag have not been sufficiently Yesolved 
as of this point in time, Consecpently, it is felt that 
these processes, though likely to be Significantly 
g-sensitive, should not be considered as test candidates 
under this program. 
although these problems have not been resolved in their 
U S S  application, there appears to be nothing basicaUy 
wrong with considering particle transport by air flow in 
a zero-g environment. 

41. 48, Use of the personal hygiene sponge for washing 
(Process 48), and the collection of fecal and urine 
wastes, including the flushing process for the latter 
(Process 41) are processes in the personal hygiene 
system which are currently considered by LRC to be in- 
appropriate for extended space flight. Inconvenience, 
and potential problems with spillage appear to be the 
primary concerns. Further, development is underway and 
thus the processes are not now considered candidates 
for zero-g testing. 

It should be noted, however, that 

C. Processes involving man-machine interface problems 

A number of g-sensitive processes are intimately associated 
with man-machine interface, in that the degree of g-sensi- 
tivity is a function of manual training or skill, 
general, the consideration of such processes for testing is 
beyond the scope of this program. 

U. 3.2, 35. 38. 43, 50. 
plumbing during manually performed servicing operations are 
very closely associated with the particular functions per- 
formed and techniques used, Consequently it is felt that 
they should not be -her considered as test candidates. 

41, 
urine collection since both processes are strongly 
sensitive to manual f’unctions. 

In 

Uquid retention and behavior in 

The same conclusion holds in general for feces and 

15. 27. 40. 45. 51. The solids transport problems involved 
in these processes are almost exclusively man dominated and 
these processes should not be considered for testing in 
this program. 

48, 69, 
are eaaentially man-controlled operations and should not be 
Further considered as test candidates. 

Similarly, sponge operation and spillage recovery 

52 



D. Processes amenable to redesign to eliminate g-sensitivity.- 

4.4. 
acquires its g-sensitivity frm weight dependent conduction and 
possibly natural convection. 
effectively eliminated by isolation mounting of the waste con- 
tainer, or it may be made insensitive to weight forces by 
establishing positive contact through mechanical loading. (e.g. , 
with the use of springs). 
result in a higher overall heat transfer rate and may be expected 
to overshadow the g-sensitive convection effects. 
that appropriate redesign, based upon radiative and controlled 
conductive heat transfer will diminish g-sensitivity sufficiently 
to eliminate the need for zero-g validation testing. 

46. 47. 52. 53. Heat transfer, within the water heating and 
cooling containers, is due largely to natural convection in a 
one-g environment, resulting Fn significant g-sensitivity. 
Pmper thermal design, emphasizing conduction techniques, could 
effectively eliminate this g-sensitivity without campromising 
overall heat transfer rate. 
this time these units should be redesigned rather than considered 
f o r  test. 

As indicated previously, the present vamum drying facility 

Conduction heat transfer can be 

The latter is preferred as it will 

It is felt 

Consequently it is felt that at 

Gravity sensitivity adequately p redictable by analyt ical techniques. - 
3. 6 .  7. 16. 17. 32. 33. These associated processes, though 
appearing to be appropriate for actual testing, were considered, 
after firther study, to be amenable to a reasonable depth of 
analysis. 
g-sensitivities of: 

The pertinent westions to be answered were the 

Condensation rate 
Heat transfer rate 
Parallel passage blockage, and 
Liquid film drag motion 

The condensation and heat transfer rates are intimately 

Parallel passage blockage 
related and their g-sensitivities depend upon the water film 
thickness and surface roughness. 
depends upon film thickness and the capillary forces presented 
by a blocked passage. 
comparative magnitudes of the gas drag coefficient or sheet 
stress set up on the film surface, and the weight of the film. 
As these parameters are all closely related, they have been 
analyzed based on the ILSS Cabin "A" heat exchanger. Since 
the analytical approach may be of interest in evaluating 
alternate methods, it is presented in some detail. 

Liquid film drag is a function of the 
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Film surface 
Background under 
may be expected 'co remain 
unstable as the velocity i 
of t ransi t ion t o  ins tab i l i ty  
of approximately xx>, (ref. 
Reynolds number f o r  t h i s  

inted out i n  the Physical 
a l i q i d  film surface 

gas velocf@%es, becoming 
i te r ion  for  this region 

s been given as a Reynolds number ' 

as is shown i n  figure 3. 
tion is  defined as: 

Re$ = Vint 6/vw 

where: Rev = Reynolds number for water, 

Vink= Interface, o r  surface velocity, 

6 = Water film thicknessp 

= Kinematic viscosity f o r  water, 
vW 

and 

Assuming a l inear  velocity prof i le  through the water film and 
considering the  downstream end of the heat exchanger: 

Rew = 2 VL vw 

3 where : = condensation rate (.a6 ft /hr) 

and L = T o t a l f i n p  t e r  ( 200 ft 

Fram t h i s  a Reynolds number of approximately 0.01 is obtained. 
As th i s  i s  many orders of the Reynolds number 
criterion, it may be safely assumed t h  smooth fiLm surface 
exists. It should be noted that t h i s  Ids  number cr i ter ion is 
a theoretically derived value and some question exists as t o  i t s  
val idi ty  when applied t o  specific conditions; however for t h i s  
particular case it would appear t o  be a safe value t o  use due t o  
the large difference between it and the actual Reynolds number 
obtained. 

Maximum Film Thickness - The f i  thickness, and consequently 
the interface velocity can be obtained through use of t h e  shear 
stress. 
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by defWticm, and 

Ta = f P v2/2 based on gas stream kine t ic  energy. a a  

= Shear stress for water and air respectively Tg ‘a 

- where: cLw - 

f =  

- - 
‘W 

since: 

‘int 
6 ”  

I 
‘int 

Dynamic viscosi ty  of water 

Frict ion fac tor  ( .04 ) 

Core air veloci ty  (6 ft/sec, minimum) 

A i r  mass density (.00155 l b  sec2/ft4) 

f P, V:, but 

2 P  

2 UL , therefore 

kwn th i s  equation the maximum expected f i l m  thickness i s  found 
t o  be approximately 0,00079 inches, and the  corresponding interface 
veloci ty  is  0.0025 ft/sec. 
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I .  

Capillary forces f o r  blocked passage - Assuming that a passage . 
between fins has become closed with water, the capillary force which 
will exist, and which mst be overcame if the passage is t o  be 
cleared, i s  found f’ran the Yaung-Letplace equation given i n  the 
physical Principles Section. The equation reduces t o  

hp = 2 O/D 

where: 0 = surface tension of water 

and D = f i n  separation (0.1 in.) 

Thus the required pressure head t o  eliminate passage blockage is  
approximately 0.24 inches of water. The pressure drop existing 
across the heat exchanger during normal operation is  computed t o  be 
0,505 inches of water using a mass flow rate based on core mean 
flow area. 
blocked tube it is  unlikely that blockage w i l l  ever occur. However, 
since tube blockage, if  it should occur, w i l l  reduce the f l o w  area 
and thus increase core pressure drop, the blockage process becomes 
self defeating and should not present a problem, The likelihood 
of passage blockage is  f’urther diminished by the ve ry th in  water 
film expected 

As this is twice the required pressure t o  clear a 

Liquid fi lm drag - Previous analysis, which neglected gravity 
effects, indicated a f i lm interface velocity of d.0025 ft/sec. In 
the presence of a one-g force, which aids the drag  force, t h i s  
velocity may be expected t o  be slightly higher, however, it should 
a o t  significantly affect heat exchanger performance, If’ the one-g 
force opposes the drag force, the balance between weight and drag  
must be considered. This can be done conveniently by determining 
the  maximum amount of l i q u i d  which can be transported against  one-g 
by the available f i lm surface shew stress T., and comparing th i s  
t o  the actual l i q i d  condensation rate, 
l i q u i d  which can be transported, f$ ma, = V 6 L , where 
V and 6 
t#e max& transport case, Due t o  the w e i g h t  of the water film, 
i ts  velocity prof i le  i s  no longer l inear  but assumes a parabolic 
shape with zero shear stress at the  w a l l ,  

The maximwn amount of 

are average f i lm velocity and thicdesw respectively fo r  

‘w a 
m = ~ m  
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where: Ww nsi ty  (62.4 #/et3) 

= local water velocity under 
'm tramport conditions 

y E distance through film from f i n  

For the transport w e :  T,, = Ww 6m 

17he miti0 of m a x  t o  the actual condensation 
. O s  indicating t % t the available air drag is t o t  
carry the condensed water film against one-g. 

Similar analyses have been performed f o r  the other I U S  com- 
ponents i n  which l iquid condensation and transport by gas drag were 
considered potentially g-sensitive. Results of the analyses are 
presented i n  table 6. 

e 
the g-sensitivity of conduction rate, heat transfer rate, par 
passage blocking and film drag motion, indicate that  with one excep- 
%ion, no significant effects on heat exchanger performance w i l l  
occur between 1 and zero-g provided the g-force is  i n  the direction 
of the gas flow. 
CO reduction unit  condenser during Sabatier operation. The low 
gag flow rate does not provide sufficient core pressure drop t o  keep 
individual passages clear shuuld they became blocked. ( I t  may be 
noted that i n  th i s  case the water film, considering both opposing 
w a l l s  of a core passage, was found t o  occupy approximately 3076 of 
the design gas flow area; m a k i n g  tube blockage very likely, at 
least on an individual passage basis). 
ILSS units may be considered t o  be essentially g-insensitive. On 
the other hand, perfonnance of the uni ts  may be expected t o  become 
seriously degraded if they are inverted. 
the low shear stress exerted by the gas stream on the l iquid film 
surfaces. 
sheas stress is  not sufficient t o  lift the water film against one-g. 
I n  the a i r  evaporation case, tube blockage i s  expected t o  occur when 
the flow is  against one-g since the core pressure drop is  jus t  
sufficient t o  keep the passages clear i n  zero-g. 

is  found t o  be 
inadequate t o  

I n  sumrmary, calculated conditions and parameters which 

The one exception i s  passage blocking within the 

Except f o r  t h i s  case the 

This is  due primarily t o  

Except i n  the case of the air evaporation unit, t h i s  
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In  View of these analytical  results, the following points were 
considered particularly pertinent i n  considering these test 
candidate processes for actual testing. 

There appears t o  be no general necessity f o r  orienting 
condensing heat exchangers so tha t  gravity opposes the 
air drag. 

Should an unfavorable orientation become necessary, the 
conditions at  which significant performance degradation 
occurs are calculable as are the subsystem modifications 
necessary t o  prevent the degradation. This, of course, 
assumes va l id i ty  of the basic analytical  data, and the 
necessary assumptions made. 

Testing of an ILSS heat exchanger would provide data, f o r  
the most part, peculiar t o  tha t  particular unit  with 
l i t t l e  application t o  alternate or  advanced units, 

From consideration of the foregoing, g-sensitivity tes t ing of the 
discussed heat exchanger processes as they occur i n  the USS does not 
seem warranted. It would seem appropriate, however, t o  perform 
certain basic experiments t o  verify the questionable aspects of the 
assumptions required for  the analyses. 
analytical  results and thus assure the predictabil i ty of IISS 
process g-sensit ivit ies,  

30. 37. 
t o  provide defzper insight into the specific parameters requiring 
tes t ing and the type of tes t ing needed. As discussed previously, 
these processes involve the pretreatment of urine with chromic acid 
and the treatment of wash water w i t h  BAC (Benzalkonium chloride). 
I n  both cases, the mixing processes may be influenced by forced 
convection, natural convection and diff'usion. 
the solute into the solvent w i l l  impart some degree of forced convec- 
t ion  irrespective of the gravity forces present. 
forced convection is t o  disperse the solute within the solvent, 
increasing the surface area of the solvent-solute interface, and 
reducing the path length through which the solute must further t rave l  
t o  provide complete mixing. 
autmatic,  involved i n  the injection, and the complex geometries of 
the hardware, t h e  mixing effectiveness of t h i s  forced convection 
cannot be completely analyzed. N a t u r a l  convection which depends on 
the gravity forces may have much the same effect as forced convection 
by causing a dispersion due t o  fa l l ing  of the more dense portions of 
the l i q u i d  through the less dense. On the other hand, gravity forces 
may attenuate the dispersion due t o  forced convection by tending t o  
s t r a t i f y  the l iquid into layers according t o  density. Diff'usion of 
the solute within the solvent, which is  essentially independent of 
gravity, is  due t o  agitation on a molecular leve l  and generally 
constitutes the f i n a l  phase of the mFxing process result ing i n  a 
stable, hmogeneous solution. 

This would confirm the 

Further study of these l i q u i d  mixing processes w a s  conducted 

The a c t  of injecting 

The effec$ of t h i s  

Due t o  the variables, both manual and 
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Convective behavior, since it deals with gross circulation, can 
dramatically affect  mixing rates. 
t h i s  convective behavior may be expected t o ' b s t  amlatively short 
time. On the other hand, it is acccmrpanied by molecular diff'usion 
which then continues the mixing process after convection has ceased. 
Consequently, it is of interest t o  determine the contribution of 
difArsion t o  the over-all mixing process, Unfortunately, analytical  
derivation of the diffusion contribution w a s  not possible due t o  the 
lack of coefficient data f o r  the specific l iqu ids  and conditions of 
interest .  There was indication from available data on similar 
materials, however, t ha t  the diff'usion rates could be sufficiently 
high that adequate mixing, based on diffbsion alone, m i g h t  be 
expected t o  occur i n  actual USS hardware over the rather extensive 
holding periods available, 
extensive g-sensitivity testing, the most appropriate approach appeared 
t o  be an i n i t i a l  experiment t o  obtain diffusion data, followed by 
diffusion analysis of the actual system. 
would, i n  turn, determine the need f o r  f'urther g-sensitivity testing, 

Due t o  viscosity effects, however, 
I ,I  

As t h i s  could eliminate the need f o r  more 

The resu l t s  of t h i s  analysis 

Therefore t o  assess the importance of diffusion i n  the l i q u i d  
mixing processes, experiments were performed t o  examine chromic acid 
diff'usion i n  urine and Roccal (BAC) diffusion i n  d i s t i l l e d  water. I n  
both cases, measured amounts of solute were released at one end of a 
glass tube containing the solvent, and measurements t o  detect concen- 
t ra t ion  build-up rates of solute at the  opposite ends of the columns 
were made as functions of time. 

For the Roccal diffusion, a column 34 cm long was used and suff i -  
cient Roccal was introduced t o  give a final, ccarrpletely mixed, concen- 
t ra t ion  of approximately 0.9 cc per quar t  of water. As Roccal is less 
dense than water, it was overlaid on tup of the column and diffusion 
down t o  the  column bottom monitored by e l ec t r i ca l  conductivity changes 
i n  the bottom water. Roccal concentration build-up at  the bottom was 
found t o  reach 75$ of i t s  completely mixed value i n  a period of seven 
hours, while essentially complete mixing took place i n  approximately 
20 hours . 

Lnthe case of chromic acid diffusion, a column of urine approxi- 
mately 25 cm long w a s  used. 
the IISS pretreatment chemical and w a s  introduced i n  an amount required 
t o  give the specified concentration when fu l ly  mixed (.572$ by w e i g h t ) .  
It was underlaid at  the column bottom, being considerably heavier than 
the urine, and the pH of t h e  upper surface of the column was monitored 
periodically. In addition, a measure of the diffusion rate could be 
observed visually due t o  the differences i n  color and translucency 
between the urine and acid. 
only very slowly w i t h  time, dropping from 6.4 t o  4.9 over a period of 
92 hours. 
v is ible  so the solution was thoroughly mixed mechanically, result ing i n  
the  pH dropping t o  4.1, As a matter of interest ,  the pH monitoring w a s  
continued f o r  an additional 24 hours and a further drop t o  3.7 was 

The acid w a s  prepared as prescribed f o r  

The upper surface pH was seen t o  decrease 

A t  t h i s  time a d is t inc t  translucency gradient w a s  s t i l l  
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observed. Consideration of t h e  chemical reactions within t h e  ur ine 
itself, and i n  canbination with the  acid, cas t  considerable doubt over 
t h e  v a l i d i t y  of t he  pH determinations as a measure of acid diffusion and 
consequently on the degree of mixing which had taken place. As a resu l t ,  
a s l i g h t l y  d i f fe ren t  approach w a s  taken, t h e  prime purpose being t o  
determine the pH difference frm the  top t o  bottom of a dif'fusing column. 

For t h i s  experiment, three r e l a t ive ly  short  tubes (approximately 
10 an each) were f i l l e d  with urine. 
as before; another was thoroughly mixed (mechanically) with an equivalent 
amaunt of acid; and the t h i r d  w a s  not treated. 
t h e  upper and lower halves of the diffusing column were separated, t h e i r  
pH values measured and canpared with the  pH values f o r  t h e  other  two 
columns. The results were as foLlows: 

One column w a s  underlaid with acid 

After a 36 hour period 

Urine Column 
Untreated 

- PH 
5.60 

Mixed 3.38 
Top half of diffusion column 4.95 
Bottom half  of diffusion column 2.90 

These experiments indicate  t h a t  chromic acid diff'usion i n  ur ine is a 
very slow process requiring; under the conditions examined, many days t o  
approach equilibrium. 

The following conclusions were drawn from t h i s  preliminary l i q u i d  
mixing experimentation: 

Roccal diffusion i n  water is suf f ic ien t ly  rapid t h a t  the effect ive-  
ness of the overa l l  mixiw process i n  the ILSS test  bed is  not 
s ign i f icant ly  influenced by gravity. 

Though precise  diffusion rates were not  obtained f o r  chromic acid, it 
i s  c lear  tha t  diffusion alone w i l l  not provide the mixing required 
f o r  adequate urine pretreatment. 

The process of ch rmic  acid mixing w i t h  urine should be further con- 
sidered f o r  g-sens i t iv i ty  tes t ing.  

Due t o  the very slow diffusion of chromic acid, a balanced den.6ity 
tes t  method (see following sect ion on T e s t  Methods), would be p a r t i -  
cularly appropriate, as it permits the  study of forced versus na tura l  
convect ion ( r e l a t i v e l y  rapid processes) e s sen t i a l ly  independent of 
the diffusion process. 

As a consequence of t h i s  study, process 37 w a s  eliminated from fur ther  
consideration, while process 30 w a s  retained as a possible t e s t  candidate. 

The test candidate screening discussed i n  cnis section i s  summarized 
i n  table 7, which shows the f i n a l l y  selected processes requiring test  f o r  
t h e i r  g -sens i t iv i ty  assessment. 
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Process Description 

Table 7. - Fina l  T e s t  Candidate Screenin& 

/ /  

Solid t o  Gas H e a t  Transfer 
Cas t o  Solid Heat Transfer 
Thermal Mixing - Gas 
Ccsoposition MMng - Gas 

Condensing Heat Transfer - Atmosphere Cooling 
Liquid Condensation i n  Heat Exchanger - Humidity Control 
Liquid Condensation in Heat Exchanger - COg Reduction 
Liquid Condensation in Heat Exchanger - Gas  Evaporator 

Gas  Separation frm Liquid - Thermal Fluids 
Gas Separation frm Liquid - Electrolysis  I n l e t  
Gas Free Electrolysis  C e l l  
Hydrogen Dehumidification 
Gas Free Water Maintenance 

Liquid Transport - Thermal Fluids 
Liquid Retention in Plumbing - Thermal Fluids 
Liquid Retention - Centrifugal Separator 
Liquid Retention in Plumbing - Gas Evaporator 
Liquid Retention - CentrifuCal Separator 
Liquid Retention - Centrifugal Separator 

Liquid Transport i n  Gas - Humidity Control 
Liquid Transport i n  Gas - C02 Reduction 
Liquid Transport i n  Gas - Gas Evaporator 
Liquid Transport i n  G a s  - Waste Management 

Carbon Par t ic le  Transpo~& 
Semi-Sollds Waste Transport 

Carbon Bag Servicing 
Par t ic le  Retention i n  F i l t e r s  - Servicing 
Feces Transport - l4amal 
Feces Collection 
Sol ids  Retention in Storage Container 
Debris Transport - M w a l  

chemical - Water Composition Mixing 
Chemical - W&ter Cowposition Mixing 

Vacuum Drylng of Semi-Solids 

Wash Water Heating 
Wash Water Thermal Mixing 
Drinking Water Heating and Cooling 
Drinking Water Thermal Mixing 

Liquid Retention i n  oponge 
SpiUage Recovery 

Flame aapaga t ion  - Fluids 
Flame Propagation - Solids 
Flame Control 

X 
X 
X 
X 
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X 
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Flame Propagation Problem i n  the USS 

This subject is treated separately here i n  some d e t a i l  because it concerns 
a special phenanenon rather than an USS process and as such did not, i n  earlier 
sections, receive the fill depth of analysis and screening considerations given 
the other items. 
fue l  and has been arranged so as t o  present the flame propagation problems i n  
order of increasing complexity. 
Effects, ignition energy requirements are not significantly affected by gravity 
Variations, consequently th i s  discussion w i l l  be concerned with post ignition 
burning behavior. 

The discussion is organized according t o  the nature of the 

As was pointed out i n  the Section on Perfomance 

The types of fuels considered are listed below: 

Fuel 
Gases 
- 

Liquids 

Solids 

Structured 

Composites 

Examples 

Hydrogen 
Vqors  
Propylene glycol 
E331 
Lubricants 
Metals 
Plast ics  
Textiles 
Cnrmpled materials 
Part ic les  
Insulated w i r e  . 
Treated textiles 

Gas flames.- The background of information on t h i s  subject is considerable, 

I n  gas flames, whether Laminar or turbulent, the  fuel and oxidant 
but it accepts gravity as a constant and deals w i t h  the effects of the t o t a l  
environment. 
ultimately became associated by the diFArsion from opposite sides toward the 
combustion envelope. The diffusion distance, however, i s  reduced by the con- 
vective mixing which results fm atmospheric circulation, from the bouyant 
convective effects  of the hot flame and fram the forced convection result ing 
from the i n i t i a l  gas velocity. The qualitative effects  of gravity induced and 
forced convection are readily apparent from the behavior of a burning horizon- 
tal gas jet. The jet, particularly its tip,  i s  deflected upward by i ts  bouy- 
ancy; but if the j e t  driving pressure approaches 1 or  2 millimeters of water, 
the region of the flame next t o  the nozzle, which may be considered t o  be a 
c r i t i c a l  zone, becomes essentially symmetrical. 
t ha t  t h e  jet  d r a w s  air i n  around itself and would burn nicely but without the  
deflected t ip,  i n  the absence of gravity. 
essentially no effect  i n  inhibiting such canbustion and consequently g-sensi- 
t i v i t y  tes t ing of t h i s  type of burning would be of l i t t l e  value. 

This symmetrical zone indicates 

Zero gravity therefore would have 

The only gaseous fuels  present i n  significant quantity i n  the ILSS are the 
hydrogen i n  the electrolysis system, and methane i n  the 
These are contained at  7 p i g  and approximately 2 psig, 
rates of one pound and .25 pounds per day respectively. 

60 reduction unit. 
ana are generated at  
Any reasonable 



of the systems to the cabin atmosphere, including the removal of a piece of.the 
quarter-inch connecting tubing, would produce a jet of such velocity that, the 
jet bouyancy would be of little importance. 

It is barely conceivable that evaporated lubricating oil or DC331might, in 

In such case, huwever, it seems almost 
a general fire, be created in sufficient quantity to burn well sepamated fim 
the liquids from which they evolved. 
inescapable that the general level of commotion and turbulence would be so high 
that the absence of gravity would have no significant effect on the propagation 
of flames. No g-sensitivity testing is felt warranted. 

Liquid fuels.- The information in the literature on thie subject is con- 
tradictory. 
years on the combustion of liquid fuels. 
able attention after the second world war because of its importance in gae 
turbine, diesel engine and rocket combustion. 
S. S. Penner (ref. 4) presented theoretical treatments of droplet evapmation 
and cambustion based on a "spherico-symmetric" model. 
the characteristics of steady state cmbustion in such a model, which necessar- 
ily implies zero-g. 
some of these attempting to approach the zero-g condition of the theory by 
using very s m a l l  drops, by conducting the test in a free f a l l  chamber, or by 
supplying vqing degress of downward ventilation around burning spheres. 
results of such studies and experiments are often presented as "Burning Rate" 
or "Bvaporation Constant" which are associated by the following defining 

Much theoretical and experimental work has been done over several 
Droplet cumbustion received consider- 

In 1954, M. Goldsmith and 

Their relations predicted 

Many tests of burning droplets and sprays have been made, 

The 

relations : 

m =  

where: h = 

P =  

D =  

K =  

K =  

K =  

d + - n p D K  
Pdt -4 

mass evaporation rate or burning rate 

droplet liquid density 

droplet dime t er 

evaporation constant 

The evaporation constant (K) is a particularly convenient parameter because 
it varies with changing environmental conditions in the same manner as the burn- 
ing rate, but does not change as the drop evaporates, whereas the mass evapora- 
tion rate decreases with drop size and area. 
directly fran the theoretical treatments of Goldsmith and Penner and has been 

The constancy of K foU.ows 
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verified for  evaporating droplets both with and without ccxnbus- 
tion, The followi 
ethyl alcohol 

es were obta,ined on o r  are adjusted t o  represent ' 

ing i n  zero-g w i t h  no ventilation. 

M. OoMmnith S. S. Penner (ref. 4) K re 0.8 d / S e C  
w i t h  some reference t o  experimental data) 

K = 0.5 d / s e c  S. fcumagai and H. Isoda (ref. 5 
(Dsap chamber tests at vari 

S o  A. . saad (ref. 6) K = 1.0 d / s e c  
( 

G e  A. 
( 

drup data "corrected" t o  zero-g) 

H. Wise, W. A. Fbsser (ref. 7) K = 0.4 d / S e C  
d porous sphere "corrected" t o  zero-g) 

The "correction" t o  zero-g uti l ized a relation presented by Agoston, Wise 
and Rosser: 

K = K ( 1 + N & ), where OG 

t o  a Prandtl Number but was detemlned experimentally as e 2 8  fo r  
hano 6, .20 for  butanol. Re was based on droplet diameter, ventilation 

velocity, and the kinematic viscosity of air at  a temperature corresponding t o  
ithmetic mean of the adiabatic flame temperature and the ambient air 

This "ventifation equation" is  important not only because of i t s  u t i l i t y  i n  
correcting test data t o  correspond t o  the spherico-symmetric theory, but even 
more because of i ts  particular pertinence t o  the present problem which involves 
the effects of ventilation on canbustion i n  the absence of gravity. 

The subject appears t o  be reasonably straight-forward, but there are two 
The work of Goldsmith and Penner, and others, are apparent contradictions. 

based on or  present a picture of droplet combustion i n  which the diameter of 
the flame envelope..is directly proportioned t o  the diameter of the drap. 
C. C. Miesse, in comments on same of this  work and i n  a paper of h i s  own, 
(ref. 8) Ghows evidence that the &er drops have relatively larger flame 
envelopes. 
theoretical  and experhental structure. 
by Kimzey, Downs, Rdred and Norris, (ref. g), who burned various fuels i n  a 
Zero-G a m l a n e  test. 
lack of gravity. 
bution, but the i r  evidence and discussions do have some w e i g h t .  

This finding throws some doubt on the validity of the rest of the 
The other contradiction was reported 

They observed flame extinction and attributed it t o  the 
There can be sane question of the  correctness of t h i s  at tr i-  

i l e  l i q u i d  fuels do not appear i n  the L i f e  Support System, but 
01, lubricating oils,  E331 and molten plast ics  are combustible 
In particular, t h e  silicone oil, DC331, due t o  its use as a when heated. 

thermeil f lu id  i s  found i n  the IISS at temperatures approaching i ts  flash point. 
Consequently,.it is fe l t  that  g-sensitivity 
should be further considered. 

combustion testing of l i q u i d s  
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Solid f+uels.- The combustible, o r  potentially coanbustible, solids of the 
(These lUe support system may be further categorized as plast ics  or metals. 

may be considered as "simple" solids i n  cumparison t o  structured and composite 
fuels) . There are significant differences between the combustion characteris- 
t i cs  of these two. Plast ics  have relat ively low melting, decomposition and 
ignition temperatures; they have relat ively low thennal conductivity; and t h e i r  
products of combustion are gaseous, liquid, solid and various intermediate 
tarry substances, whereas metallic oxides are solid unless extremely hot. 

The canbustion of plast ics  i n  contact with air  may be considered t o  be 
similar t o  the canbustion of l iquid fuels i n  that  t h e  fue l  is vaporized by the 
heat of combustion and burns as a gaseous difPusion flame. 
difference between p las t ic  and l iquid fue l  is t h a t  the  p las t ic  may be quiescent 
I n  an extended form i n  zero-g (e,g. a vinyl s t r ip )  whereas the  l i q u i d  w i l l  not 
(%.e. and s t i l l  be exposed fully t o  the atmosphere). Unburned p l a s t i c  fue l  may, 
therefore, extend from inside to  outside of a zero-g diffusion flame, thus pro- 
vlding a means f o r  the flame t o  progress without the same barrier of burned gas 
that is expected t o  interfere with l iquid droplet combustion. 
i s t i c  times of combustion of p las t ic  fuels, however, may be expected t o  be 
approximately the same as f o r  l i q u i d  fuels. 

The most significant 

The character- 

The combustion of metallic Fuels is  sauewhat similar t o  that of plast ics  but 
there are significant differences. 
an cgpreciable part  of the heat i s  transferred by radiation. Also, the  high 
conductivity of metals carries the heat rapidly away from the  combustion zone 
into the  unburned fuel. Thirdly, and most important, the build-up of solid 

These ashes obstruct 
the flow of oxygen into the combustion zone and obstruct the transfer of heat 
away from it. This insulation can be extremely effective. For exmrple, i n  a 
magnesium fire at normal gravity it was once observed tha t  the f i r e  had appar- 
ently been extinguished by the ash build-up. 
kicked the  structure which had been burning. 
flared up and burned t h e  man's leg. 

The temperatures involved are so high tha t  

s t ion products does not diffuse away from the flame. 

A f e w  minutes later, a worker 
The ash was disturbed and the f i re  

Such combustion is definitely g-sensitive. 

With regards t o  the  ILSS, the only combustible m e t a l  t o  be found is  titanium; 
and a review of i t s  application shows it t o  be configured i n  such a manner t h a t  
i t s  ignit ion by anything other than a catastrophic f i re  is  not reasonably possi- 
ble. Consequently, t he  further consideration of metallic fuels is  f e l t  t o  be 
unwarranted. Combustible plastics,  on the  other hand, are t o  be found i n  the 
IISS, and as t h e i r  burning can be significantly g-sensitive, they are t o  be con- 
sidered as test candidates. 

Structured and composite fuels.- The burning of structured material such as 
textiles i s  rather different frm tha t  of homogeneous solids i n  t h a t  reasonably 
large masses 09 fue l  are available i n  fairly c b a c t  arrangement but f inely 
divided so that they have large ra t ios  of surface t o  volume and are interspersed 
w i t h  air. 
principle selection parameter and textiles are frequently treated wi th  a variety 
of retardants fo r  further assurance of safety. 

The arrangement so favors canbustion tha t  textile flammability i s  a 

The ccwbustion 
can def in i te ly  be expected t o  be sensitive t o  both gravity and 
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Of the composite fiels, wire insulstian may be cansidered t o  be the most 
*ortant s t ion standpoint) due t o  the presence of an effective 
igni$er, spacecraft w i r i n g  is nonml3y quite msis tan t  t o  fire, 
but not necess reproof, It is assumed that the w i r i n g  of an aperatio 
U S  will be of th i s  type, although it is not canpletely true of the present 
systm. 

A canbwtible cloud of solid or  liquid par t ic les  --be famed i n  the ILSS 
by some mishap, 
material could be ignited and burn o r  explode. In  this case, however, the cam- 
bustion would resemble that of a gas/* mixture and would not be significantly 
sensitive t o  gravity. 

Such a cloud, which could be considered 88 a structured 

Much i 
materlals, very l i t t l e  on canbustion at zero-g, For example, Roth ( re f ,  10) 
presents a literature review of space cabin fire and blast hazards. This review 
contains a chapter on the flmmability of fabrics and carbonaceous solids, and 
data are presented giving the effect of various parameters on burning time, but 

variations w e  not included, 
os i te  materials, as represented at least by textiles and wiring, should 

be considered as test candidates, 

ion is awlable on the canbustion of structured and c m o s i t e  

It is felt, therefore, that structured 

Test  Candidate Selection sumalasy 

The foregoing treatments of g-sensitivity i n  the U S  may be summarized as 
of screening o r  selection processes and the results of their application 

table 8, The screening criteria axe explained i n  the footnotes, and the 
remaining ILSS processes which a m  CQnSidered potential  test candidates are 
shown t o  be "liquid mixing" and "flame propagation." 

e conrponents and processes found l a t h e  ILSS, This summary is given i n  

. -  - -  - 

In addition t o  these actual IWS processes, certain "analysis verification" 
experiments warrant consideration as test candidates, 
needed t o  support the analyses used in assessing gravity sensi t ivi t ies  
various ILSS ccxrponents and processes which involve condensation and liquid 
transport by gas drag, The experiments wou ld  verify the basic data and 
assumptions employed i n  the analyses. I n  particular the experiments would 
include: investigation of the conditions produdng heat exchanger pass 
blocking; study of the influence of &ravity on the s ize  of droplets released 
froan the dam-stream edge of a condensing fin;  and verification of the fib 
stability data presented i n  figure 3. 

These experiments 
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To permit selection of appropriate test methods w h i c h  could be used f o r  
evaluation of the test candidates, a review of gravity related test methods and. 
available testing f a c i l i t i e s  has been made. The methods revfew has been rather 
broad i n  scape t o  enable an optimum selection based on the yield of c r i t i c a l  
data, cost, and avai labi l i ty  of f ac i l i t i e s .  

T e s t  Methods 

I;ow gravity o r  gravity-related test methods which have been used, o r  con- 

For purposes of c l a r i t y  it is  appropriate here t o  
s i d e r e d  f o r  use, i n  studying problems unique t o  a low or "zero-g" f i e l d  are 
described i n  t h i s  section. 
discuss the term "gravity" (g), as it w i l l  be used i n  reference t o  the test 
methods. A package resting 
on the ear th  therefore experiences "one-g" whereas a free f a l l i ng  package a t  
the same location experiences "zero-$' even though it is accelerating toward the 
center of the earth at  32.174 ft/sec . (The acceleration nul l i f ies  the "g" 
force). The "g" level is  defined as the sum of all tangible external force 
applied t o  the package divided by the tangible external force required t o  
support that package against normal earth gravity (at the earth 's  surface). 
is a deasure of the tendency fo r  the components o r  contents of the package t o  
be displaced o r  deformed. As a f'urther example, consider a 100 pound drop 
capsule f a l l i ng  at  such a velocity that  i t s  aerodynamic drag i s  ten pounds. If 
no other external forces aze applied t o  that capsule it experiences l O - l g .  
n o m d  ear th  gravity, the package would concurrently be accelerating toward the 
center of t he  earth at  28.957 ft/sec2. 

Gravity is  handled and thought of on a force basis. 

1% 

In  

Summary notes on the various test methods are shown below: 

Reduced scale - A n e c e s s q  feature of many low gravity tests. 

Centrifuge - Useful t o  broaden the test  spectrum, but results can 
be misleading. 

Free fall  - Most cammon; many fac i l i t i es ;  useful data; but size, 
transient time, and cost problems complicate application. 

Flow loop - Conceptual only, no f a c i l i t y  exists. 

Density balance - Very useful f o r  f lu id  statics. 
applicabili ty t o  dynamic problems . Limited 

Re-orient - Considerable u t i l i t y ,  especially where analyses indicate 
i s  probably suitable f o r  use i n  normal o r  low gravity. 

Solid state - Possibly useful fo r  heat transfer problems but 
mathematical analyses are generally better. 



m 
dlmsnslon can be neglectcrtl. the third. 
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Reduced sc8J.e.- This is not re i n  i t ee l f  a "Test Method." It is . 
however, included here because it i 
amangements. 
dynamic testing at normal gravity (g) i n  order to detennine the characteristics 
of large systems at low gravity. 
because it reduces the sensi t ivi ty  of the test system t o  drag deceleration, and 

invaluable concomitant of many test 

It is also useful fo r  "free fall" testing 

Scale reduction, for instance, can be useful f o r  s t a t i c  and 

d test time or duration. 

scale is common engineering practice, particularly i n  
scale testing of large fluid systems such as hydraulic 

8 ,  ships, etc., is so t h e  consuming and expensive that it 
aken only on a final proof basis. Developmental testing is 

Dimensionless scaling parameters, such as 
ch categorize certain types o r  regimes of flow are used 

t o  design and control the tests, and interpret the results. 

.- In some cases it may be possible t o  evaluate the g-sensitivity 
conducting increased gravity tests on a centrifuge. This method 

ie i n  nicely w i t h  the use of reduced scale models because it can thus 
e real system accelerations greater than o r  less than normal gravity. 

General scale reduction must be done with some caution, and probably w i l l  
not extend below 1/10, o r  possibly 1/10 of real system size. Also it is 
d i f f i c u l t  t o  apply high accelerations t o  large systems. Putting these factors 
together, the 
from perhaps 110 r t o  about 100 full scale g. This provides a reasonably 
broad base f o r  extrapolation, but is still far from the frequently desired lo-* 

The results might be markedly optimistic or  pessimistic. 
data on boiling l i q u i d s  indicated that boiling heat transfer w 

be drastically impeded by the absence of gravitational forces. 1)Tap test 
airplane test data, however, showed very l i t t l e  change fran normal t o  "Zero-G." 
Qualitative explanations of "Bubble Pumping," etc., were soon forthcoming, but 
the quantitative substantion took some years. 
was based on an overall. synoptic view of the general problem rather than on an 
understanding of the basic mechanisms. 

v i ty  force simulation spectrum reasonably available reaches 

Early 

The lesson is that the prediction 

Free fall.- I n  a state of free fU, systems can approximate the ace 
t ion conditions of an orbiting vehicle as closely as desired, required, a 
Justified. 
be weighed against the required size, g-level, test duration, and i n i t i a l  f luid 

A close approximation may, however, be expensive and the cost must 

The trade-off' can be somewhat comrplex, for  the allowable g-level 

characteristics of representative free fall systems are s 
red test duration both vary with the size of the test spe 

categorically i n  table 9. A cuntnon problem is the residual acceleration of the 
test-capsule- due t o  
test these effects, 

windage, connecting cables or  other effects. For a use 
and the windage or  aerodynamic drag may be c q u t e d  by 
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assuming that  the relat ive (wind) velocity is  not changed by the windage. This 
will be very nearly true if  the drag is  low enough t o  provide an acceptably low 
residual g. 
ation of a capsule falling through s t i l l  air  a t  sea level  standard conditions. 

The following equation then expresses the  aerodynamic drag deceler- 

Deceleration (g 's)  = 1.23 Acd 7 t 2  

where: A = Cross section area of the drop 
capsule (&) 

Drag coefficient (based on A) I 

'd 

W l= Capsule weight (lbs. ) 

t = Time after release (sees.) 

Putting typical numbers into t h i s  equation soon reveals that  it is d i f f i cu l t  
t o  achieve low residual g-levels for  more than a very short test  period. 
reasonable potential  level  of success i n  t h i s  e f for t  i s  indicated i n  the follow- 
ing descriptions. 

A 

Laboratory test: 
arranged where seven or more feet of head room i s  available. 
general features are most apparent by reference t o  a simple schematic 
such as figure 5. The hoist  should be quick and convenient. 
e lec t r ica l ly  operated " B a l l  Inck Pin" release has been found near 
perfect for  capsules up t o  about 200 pounds. 
cables have very small effects on the trajectory if  hung so tha t  the 
loop i s  narrow. An arresting cable with a pre-set brake a t  top o r  
bottom has been found quite satisfactory f o r  controlled deceleration 
of the capsule a t  the end of the drop. Other capsule decelerators, 
such as crushing carboard, driving spikes into sand, etc., have been 
used, but each requires 8me developent e f for t  a t  the start of the 
program, and may require appreciable cost or ef for t  fo r  each t e s t  
drop. 

A typical half second drop test r i g  can easi ly  be 
The 

An 

Catenary instrumentation 

With twelve feet of head roan, laboratory free f a l l  tests can be 
extended t o  about one and one-half' seconds by a simple pop-up tes t  
r i g  (figure 6). I n  th i s  system the experiment package is  launched 
from near the f loor  of the test area. 
coasts upward i n  f ree  f a l l  and then descends -- 
- 
t h i s  method i s  that one may stand on a step ladder  or staging with 
one's face positioned a t  the tup of the trajectory. 
ment capsule is  transparent, a surprisingly clear view of the experi- 
ment can be obtained by direct  observation. 
deceleration equation, the residual o r  d r a g  deceleration can be kept 

It accelerates upward briefly, 

An interesting feature of 
s t i l l  i n  free f a l l  

u n t i l  arrested by the launching cable. 

If the experi- 

On the basis of the 
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below 10eag, and is  vanishingly small new the  top of the trajectory. 

There are, however, two potential  drawbacks." One is: essentially 
unavoidable but may not be deleterious. 
is normally rather severe. 
the gravity vector but w i l l  provide a disturbing transient i n  some 
types of experiments by violently flattening the capillary rise tha t  
existed i n  normal gravity. 

I .  3 

The launching acceleration 
It w i l l  be very accurately aligned with . 

The other disadvantage is  tha t  a t r a i l i ng  cable is d i f f i cu l t  t o  
arrange satisfactorily.  Capsule born instrumentation, e.&, a spring 
powered camera, can, however, of ten be provided quite conveniently, 
and the system is very economical on a dollar per second basis. 
laboratory pop-up system can also be converted t o  a box-in-box system 
which allows t he  10"g t o  be reduced t o  10-4g or  lower. 

The 

Tower drop: 
towers which exis t  and are available, 
may be thought of as generally similar t o  the Laboratory Drop of 
figure 5 although much more sophisticated systems have been used. 
Typically, an 80 foot tower can provide about two seconds of free fall ,  
and with a heavy, compact, streamliGed capsule, the peak drag forces ' 

can be held low enough f o r  about 10 The box-in- 
box improvement can be added, preferably with a "double pass" arrange- 
ment. 
f o r  the inner box which hauses the  experiment, t h i s  inner box being 
allowed t o  f loa t  f reely within the outer box during the drop. 
air drag on the  outer box inevitably slows i t s  f a l l  somewhat, the 
resu l t  being that  t h e  inner box moves toward the bottom of the outer 
box dur ing  the drop. The inner box may be released from the  ceiling 
o r  launched from the f loor  of the outer box at  the start of the drop, 
This latter (double pass) arrangement i s  recommended because it allows 
a smaller outer capsule, because the  re la t ive velocity (and therefore 
the  air drag on the experiment box) is  legs, and because it eliminates 
the possibi l i ty  of a negative g-transient acceleration of the experi- 
ment box a t  the instant of release. This negative g-transient occurs 
i n  systems where the  inner box i s  hung from the tower and the wind- 
s h i e l d  box hangs on the  inner one. The e l a s t i c  energy stored i n  the 
framework of both boxes by the influence of gravity is released when 
the  inner capsule is released fram the  tower. This released energy 
reacts t o  propel the inner capsule downward. 
and having the inner box i n i t i a l l y  on the  f loor  of the outer box, a 
similar energy release propels the inner box upward at  the start  of 
the drop, but the launching transient then appears as a s l igh t ly  
delayed decay of the  pre-release normal gravity. 

Drop test r i g s  have been set-up i n  or  sumorted by 
(see figure 7.) The apparatus 

g drag deceleration. 

The outer capsule or  box serves essentially as a windshield 

The 

By inverting the system, 

Ground based faci l i ty:  Ground based f a c i l i t i e s  for free f a l l  tes t ing 
are considered as different from drop towers because of the amount of 
study, construction, and money tha t  can be and has been spent on them. 
Several exist i n  the United States. l h w  gravity times up t o  about ten 
seconds a p  available o r  planned, and drag decelerations range down 
toward the lCr'g region, Drag reduction me8218 which have appeared i n  



Figure 7. Tower Drop 
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the  literature include box-in-box, box-in-evacuated-box and evacuated- 
tower. 

Helicopters and balloons: 
extent, as launching platforms f o r  drops from a wide spectrum of 
altitudes. Helicopter drops have been made, but w i t h  some lack of 
success because of vehicle induced perturbations of t he  experiment 
before release. 
and may offer  less than lO-=g deceleration f o r  perhaps twenty seconds. 
High a l t i tude  wind shear may cause transverse l i f t  forces greater than 
the drag. 
t ha t  smoke t ra i l  sounding rockets or drop capsules w i l l  make pOS6ible 
a r e a l i s t i c  assessment of wind shear rates. 
data in to  pre-design analyses and later m i g h t  be used fo r  the selection 
of suitable test plece and time. 

I 

These have been proposed, and used t o  sane 

H i g h  a l t i tude free balloon drops have been proposed 

Sme study of t h i s  matter i s  needed. It i s  anticipated 

This technique could feed 

k w  a l t i tude drops f r o m  ground based balloons have also been 
proposed f o r  econmical two t o  four second free f a l l  periods. 
technique the test capsule would be carried a lo f t  by a balloon 
tethered close t o  the ground. 
run out freely, and, when the balloon reached a suitable a l t i tude the 
capsule would be released. 
the balloon by a catenary cable and would be arrested when tha t  cable 
becomes taught. L i t t l e  
f a c i l i t y  money i s  required f o r  such a system but the cost of repeated 
use needs further analysis. 

In  th i s  

The tether would then be allowed t o  

The capsule would s t i l l  be connected t o  

The assembly would then be hauled back down. 

Aircraft trajectories:  
t ra jector ies  have been flown. 
modified f o r  t h i s  service and has been very papular. 
f loat ing i n  the cabin, free f a l l  times of roughly ten  seconds can be 
obtained i n  about one trajectory out of ten. 
forces can range down t o  about 10-5g. 
characterized by a wandering acceleration vector which distrubs 
l i q u i d  behavior experiments. 

These have been w e l l  examined and many 
The KC-135 airplane has been specially 

U s i n g  a capsule 

A i r  drag and other 
Pre-free f a l l  conditions are 

A t  least an appreciable portion of the d i f f icu l t ies  with this  
technique stem from high al t i tude wind shear. Ground observation of 
smoke trails o r  contrails  i n  the flight path may help t o  resolve the 
problem. 

Ballistic vehicles: 
provided up t o  two minute free f a l l  periods. 
vehicles (e.g. ATLAS) can stretch t h i s  up toward an hour and carry 
loads up into hundreds of pounds. Orbi ta l  vehicles test times can 
range into months, but the reasonable package is  small. 

Relatively a m a l l  rockets (e.& NME) have 
Bal l i s t ic  missile 

A combination arrangement has interesting possibil i t ies.  A rather 
large eqeriment can be conducted i n  a special upper stage vehicle 
launched in to  an orbi t  about the earth by/fran a b a l l i s t i c  missile 
vehicle. , A s  an example, two O v 1  satellites can be carried on one 
A t l a s  booster, and each ca.n carry a 220 lb., 8.6 fi3 experiment in to  
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a 400 mile circular orbit. 
their  raughly two hour orbits and could have residual acceleration levels 
l e s s  than 10"'g f o r  most of their two t o  three months in space. The cost 
of such satellite experiments is quite high, 
b i l i t y  of reducing it by riding as a secondary payload on a vehicle 
having excess payload capac 
suitable trajectory early e 

The vehicles may be g-gradient stabilized i n  

There is a remote possi- 

nding such a vehicle which also has a 
get on b o d  is  problanatical. 

Flow loop,- This conceptual laboratory test method could provide low 
g-conditions fo r  indefinitely prolonged periods. 
system with the pipe so configured and the flow rate so adjusted that the down- 
ward acceleration of the f l u i d  matches the local  gravity. 
ponent temperatures, and the contour and cross sectional area of the pipe are 
adjustable i n  order t o  obtain the desired cancellation of terrestrial gravity 
over the fulL path length. This can be a sanewhat involved process if there 
is  appreciable conversion of l iquid t o  gas (or  vice versa) i n  the f low loop. 
It can be handled by analytical prediction, adjustment of the appwatus accord- 
ing t o  the prediction, running a test and readjusting as necessary. The method 

f l u i d s  of very low quality (nearly all l i q u i d )  because the gas bubbles t rave l  
with essentially the l i q u i d  velocity, whereas l i q u i d  droplets usually lag 

It is a continuously flowing 

The f l o w  rate, com- 

icuLarly applicable f o r  the investigation of heat transfer t o  or  from 

a carrying gas stream. 
ness of the flow and contour adjustments, fo r  if  the flow velocity is  

The bubble path can be used t o  verify the 

bubbles w i l l  rise and if  the velocity i s  too high they w i l l  descend 

the bubbles will tend t o  concentrate near but not at  the bottam of the 
r the action of the "negative g" field.  More exactly, i f  the velocity is 

passage because of the velocity prof i le  i n  the tube. 
 obvious^ is  not perfect but m i g h t  range effectively down t o  the 1O"lg or 
Irag region. 

The g-cancellation 

Implied in this technique is  the re'quirement that the flow velocity must be 
rather high in"\rder t o  allow a useArlly long flow loop. 
passage(s) must be relat ively th in  i n  order t o  avoid drast ic  deformation of the 
geanetry of the system being tested. Conceivably, the technique might be use- 
f u l  i n  evaluating the performance of lat gravity air/water separators -- 
these separators operate a t  a suitable high f l o w  velocity and if they are of a 
near-plamz design which can be distorted into a parabolic arch. 

J, F. A. Plateau when he suspended olive oil globules i n  a methyl alcohol/water 
m i x t u r e .  
gravity hydrostatics. 
model of the Centaur I& tank, showing how the l iquid and gas contents of that 
tank would, without heat transfer t o  canplicate the picture, arrange themselves 
i n  a near zero-g orbit. The central bubble, representing gaseous hydrogen, i s  
actually water. The surrounding fluid, representing l i q u i d  hydrogen, is  a 
mixture of The m i x t u r e  r a t i o  was adjusted t o  exactly 
match the water density by the sinrple but tedious expedient of drap by drop 
addition of l igh t  or heavy l iqu id ,  followed by careful stirring, u n t i l  the 
bubble had no tendency t o  ascend or descead. 
useful f o r  dynamic problems, f o r  iner t ia  effects on/of the second l iqu id  are 

Also, the pertinent 

if  

Density balance.- This test method was first demonstrated i n  1861 by 

It is cheap, convenient, and useful f o r  almost any problem i n  low 
Figure 8 i s  a photograph of a 1/35 scale liquid/liquid 

n TF and naphtha. 

The method is not generally 

81 



Figure 8.  Liquid/Liquid Model 
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quite different from those on/of the l ight gas which it simulates. 
information can be obtained on some dynamic problems, especially where the 
motion i s  produced by a force (such as surface tension) which is  not derived 
from the effects  of acceleration on the  difference i n  density between gas and 
l iqu id .  
mixture w i t h  the l iquid strongly wetting, a probe shaped l ike a pencil point 
would tend t o  shed l iqu id  back along i ts  shank, leaving the t i p  dry, 
checked i n  an oil/water mixture and later verified i n  a drop test. 
of liquid/gas interface motion were apparently identical  and the velocit ies 
seem t o  match reasonably w e l l  although no exact comparison was made .  

Limited 

For example, it was conceived at Convair that i n  a two phase f luid 

This was 
The patterns 

Re-orient.- Sane systems are strongly affected by gravity while others are 
essentially immune. 
by re-orienting the system and observing the change i n  performance (as by 
tipping a meter t o  check f o r  pointer unbalance). The very real u t i l i t y  of th i s  
technique lies i n  the not uncommon region where the effect  of gravity is slight 
and perhaps negligible, as f o r  high velocity, two phase flow i n  smal l  tubes. 
Being a laboratory bench technique it combines neatly with reduced scale 

In  the  misty mid-region, many questions have been settled 

and possibly w i t h  the flow loop technique. 

This technique might be applicable t o  a boiler, condenser o r  liquid/gas 
separator, if the flow velocity is so high or  other design features are such 
thp t  one can have reasonably high analytical  assurance that the system w i l l  
COG be affected by gravity nor hampered by its absence. 
would slmply be t o  operate an instrumented model i n  the various pertinent 
orientations, as with the f luids  flowing up, flowing dam, and sideways. 

The test technique then 

Solid state.- Fluid heat transfer i n  the absence of phase change and at 
very low gravity is l ike ly  t o  be essentially conductive. 
established analytically, and if the  system is too complex f o r  d i r e c t  analyti- 
cal solution, solid state sirmilation may be useful i n  either of two levels of 
sophistication. Steady state heat transfer conditions' can be matched (model t o  
real system) by copying the geometry and matching the ra t ios  of thermal con- 
ductivity. Gas, f o r  example, m i g h t  be matched by a closed c e l l  foam. For 
transient tests, it would also ?x necessary t o  match the  thermal mass ratios. 
Techniques such as mixing heavy and l ight  materials and adroit distortion of 
the geometry may be necessary here f o r  good simulation. 

If this  can be 

Two Dimension.- Gravity effects can be nullified by levelling of systems 
which can be confined t o  (o r  simulated by &milagous systems which can be 
confined to )  a plane. This method is  usef'ul f o r  many mechanical systems, but not 
often f o r  f lu id  behavior problems. 
development and testing of low gravity apparatus. 

A part icular  f i e l d  of application is i n  the 

This method w a s  applied during the  Centaur Zero-G program i n  order t o  

linkage was constructed which confined the m o d e l  t o  a plane but 
The apparatus was then set up 

develup test apparatus f o r  the m o d e l  drop test simulation of a vehicle maneuver 

allowed it full freedom t o  move in that plane. 
In the laboratory w i t h  the constraint plane carefklly leveled. 
system was constructed ana adjusted t o  give the model the desired trajectory 
i n  t h i s  constraint plane. The apparatus was then instal led i n  the drop capsule, 
hoisted up the  tower and dropped w i t h  the plane of constraint ver t ica l  i n  order 
t o  achieve the des i r ed  pre-maneuver liquid/gas configuration, 

An air jet  
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Magnetic/ele&ric.- A magnetic o r  an e lec t r ic  f ield can provide counter 

S tab i l i ty  may be a real problem, and the  

gravity forces. There is  literahme 
which refers t o  these as " s m a l l  experiments," "cumbersame" and "expensive." 
The first two comments seem apt. 
application of the technique t o  water/air mixtures is conceptuaUy frustrating. 
Electr ic  fields have been applied t o  liquid-liquid models i n  order t o  reduce or' 
over-ride the reluctance t o  coalescence exhibited by water droplets suspended 
i n  oi l .  It has also been used for the collection and dispersion of l iqu ids  i n  
low gravity fields. The conceptual difficulties arise fram the controlling 
effect of solid and l i q u i d  geometry, dielectr ic  properties, and conductivity on 
the forces produced. 

Conceivably the method may be useft&. 

It is barely conceivable that some u s e m  test data m i g h t  be obtainable by 
With a strong horizontal magnetic flux threading using electromagnetic force. 

t he  test specimen, an e lec t r ic  current can be passed through it at  right angles 
t o  the ma&etic flux. If a l i q u i d  metal such as mercury or  molten t i n  were 
used, the current density can be high enough t o  provide about log force levels 
on the liquid. It m i g h t  seem, therefore, that  the current (and magnetic f i e ld )  
could be adJusted t o  nicely cancel the effect of gravity. Any irregularity i n  
the CWTent density would, however, destroy the balance. The prognosis is  not 
pmmising. One o r  more of these techniques may be useful fo r  micro scale 
corrections of another basic t e s t  method. 

Tes t  Fac i l i t i es  

I n w  gravLty test f a c i l i t i e s  useful and available for.evaluation of the t e s t  
candidates are discussed below. The descriptions primarily include only those 
salient features of the f a c i l i t i e s  which are of particular interest  i n  consid- 
ering their  application t o  the present program. Detailed descriptions of most 
of the f ac i l i t i e s ,  including their applicabili ty t o  the general problem of low- 
gravity phenomena may be obtained by contacting the cognizant individuals 
mentioned. These f a c i l i t i e s  are a l l  concerned with the free fa l l  type of test- 
ing. Muced scale, re-orientation, density balance, solid state, and two 
dimension tests can provide u s e M  information, and w e r e  considered i n  the 
evaluation. 
experiments . No unusual test f a c i l i t i e s  are, however, required fo r  such 

G m d  based.- 

mAsA-LeRC!: The most ambitious ground based free fall test f a c i l i t y  i n  the 
U n i t e d  States is located a t  NASA-IeRC i n  Cleveland, Ohio under the supervision 
of Ed Otto and Don Petrash. It employs a vacuum chamber, 20 ft. i n  diameter by 
500 ft. high (deep) with Launching and arresting gear at the bottom, and allows 
free fa l l  times of up t o  ten seconds by using the pap-up technique. 
ranging up t o  6OOO pounds i n  w e i g h t  can be handled with maximum drag decelera- 
t ions d a m  t o  about 10--3g. 
butlthe presently intended principal use of the f a c i l i t y  i s  f o r  tests i n  the 
10' t o  lO-'g region. 
prupulsion system mounted i n  the free fall capsule. 
fac i l i ty  will.uperate a t  the rate of about one drop test per sh i f t .  

Capsules 

Inwer drag can be provided by box-in-box techniques, 

These accelerations w i l l  be provided by a ccmpressed gas 
It is anticipated that the 
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A n  older drop test f a c i l i t y  is  also located at  NASA-LeRC and is  more o r  less 
typical of such f a c i l i t i e s  in several 1ocationsAn the United States. It pro- 
vides a free f a l l  time of a l i t t l e  over two seconds with the test capsule baing 
dropped inside of and free from an outer box o r  windshield capsule (Box-in-Box) . 
m e  capsules are arrested a t  the  bottan of the shaft by inelast ic  crumpling of 
expanded material. 
catenary cables are used. Data is, by and Large, cinematic recording of l iguid/  
gas interface configurations. A capsule born oscillograph has occasionally been 
used f o r  recording data. 
inches wide by 18 inches high by 32 inches long, weighing about 200 pounds. Sev- 
eral test capsules can be (and usually are) under develapment simultaneously per- 
mitting multiple tests during a single shift, 

During the drop, the capsules are completely free, as no 

The tes t  capsule is a modular aluminum frame about 18 

Marshall @pace Flight Center: A large drop test f a c i l i t y  has been erected 
and used at  
Stone, 
The test package f loa ts  f reely during the drop inside a 4000 pound drag shield. 
This outer shield is guided on ver t ica l  rails and provided w i t h  thrust motors t o  
keep it clear of the test capsule during the 4.3 second drop. A 400 frame per 
second camera is mounted on the test capsule and six telemetry data channels are 
available. 
during the drop, w i t h  an 18g deceleration a t  the bottom. 
acF.ieved by dropping the  shield into a pneumatic cylinder. 

/MSFC i n  Runtsville, Alabama under the supervtsion of E, N, 
It accammodates a 3 ft. cube test package weighing up t o  400 pounds. 

Test  capsule accelerations are reported t o  be less than 5 x 
Deceleration is  

The 16 t o  20 man 
normally makes two drop tests per day. 

University of Colorado: A proposal t o  convert an existing 3000 ft. mine 
shaft  in to  a f a c i l i t y  f o r  low-g t es t ing  has been made by Professor Frank Kreith 
ca" the University of Colorado. The proposal has not received financial support 
but the mine shaft is s t i l l  carried on the University of Colorado list of fac i l -  
ities, 
thir teen seconds drop duration. 
considerable undertaking. 

tower is i n  regular operation. 
a crew of one engineer and two technicians. 
inches in  diameter by 4-1/2 ft.  high and can have about 8 ft. of re lat ive motion 
within a streamlined outer capsule, or  drag shield. The 8 ft, of "headroom" has 
been employed t o  a l l o w  Negator spring driven acceleration of the test capsule 
between -.O5 and +.O5g. For "zero-g" tes t ing the drag shield is evacuated t o  
3 mm Hg; the residual acceleration is then, by measurement, less than 10m3g 
(probably lO-"g). Ianding deceleration i s  kept below 25g. A Milllkan D B l  
camera is mounted on the test capsule. 
i ts cog. at 30 percent of its hbight. 

North pslerican/Downey, California: 

It is mentioned here because it has the unique potential  capability of 
Realization of t h i s  potent ia l i ty  would be a 

Martin/Denver: Under the supervision of H. L. Paynter, a 2.1 second drop 
Two or  more drop tests per day can be made w i t h  

The inner o r  test capsule is 33 

The drag shield weighs 2500 pounds with 

A f a c i l i t y  roughly equivalent t o  tha t  at 
erated a t  North American under the direction of M. J, Suppanz. It 

has 2 seconds of drop time with two dif'ferent box-in-box systems. The larger 
has a test package 4 ft; long by 2 ft.  wide by 2 ft. high, 
package is only 6 inches diameter by 12  inches highd but its outer capsule is 
evacuated t o  provide tes t  accelerations down t o  10' g. 
testing is mounted on the outer capsule, and re lat ive motions are compensated 
by a z o m  printing process developed f o r  the purpose. 

The smaller test 

The camera f o r  th i s  
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University of Mchigaa, 
Merte have conducted consid 
'transfer by use of a 
counter w e i g h t  which 
zero t o  standard gravity w i t h  a c increase i n  test time. They.are , 

currently settin@; up a new 2 second 
include liqyid hydrogen. 
the pool boiling 

ofessors John c6 Clarke and Herman 
gravity investigations of boiling heat 

4 second drop faci l i ty ,  The system i.s equipped with a 
ovides the capability for obtaining gravities from near 

r fo r  extending th i s  work to 
The test f es were developed particularly f o r  

DaugLasJSanta Monica, Calif 
f a d l i t y  with a capability of 3 seconds free 
Missile and Space Systems Division. Use of 
g-levels down t o  10"' fo r  a test package weighing 200 t o  500 pounds. The 
f a c i l i t y  is not currently i n  operation but the major components are available. 

a: The mador hardware for  a pop-up test 
s been bui l t  by Douglas, 
ated tower wjIJu permit 

Inckheed/Santa Cruz, California: Hugh Satterlee of the Lockheed, Sunnyvale 
Thermodynamics Group guides an experimental zero-g program, ut i l iz ing a drop 
f a c i l i t y  located on the Santa Cruz Test  Base. 
2 ft. cube which carries the batteries, lights, and cameras, and i s  equipped 
w i t h  thrust motors t o  provide accelerations up t o  'F l/3 g. It has 13 ft. of 
vertical free roan ins ide  the 1600 pound drag shield which i s  guided by 1/2 inch 
wire cables. 
are less than 7: 5 by 10°4g. Teminal deceleration not exceeding 2Og is  provided 
by a nylon net which catches the drag shield, 
forty-five minutes; two-hours is  more normal., with one engineer and two 
technicians operating the fac i l i ty ,  

The t e s t  capsule is  basically a 

Free f a l l  draps l a s t  2.95 seconds and the residual. accelerations 

The minimum recycle time is 

Aircraft.- Wright-Patterson Air Force Base i n  on, Ohio operates three 
"Zero-G" aircraft (One C-13I.B and two KC 
the supervision of Don G r i  
the KC-135's c8n do a litt 
required t o  stabil ize the 
fa l l  times are much s 
about 10 seconds of free f loa t  
planned. The zero-g drcraft 
and catch device, for  the fre 
must i n  general be self conta 
may be used fo r  many 
interface area. 

atterson Field under 
l 5  second low-g parabolas; 

The smaller campany operated f a c i l i t i e s  at h American and 
Mastin Denver are busy, but their t l y  increased by a 
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procedural modification, They, i n  general, conduct repeat testing by readjust- 
ments and modifications t o  the inner capsule (module), Creation of additional 
inner capsules, plus Bane  minor modification of the auter capsule, coruM appm- 
ciably shorten the time between drops, by allowing quick module sfitching with 
adjustments made t o  the aut-of-facility capsule. This method is being follawed 
at NASA/I,~RC. 

TEST MEIXODS ION AND SEL;ECTION 

The u t i l i t y  and applicability of the zero-g test methods have been assessed 
fo r  each of the selected test candidates, 
are suggested here. 
u t i l i t y  of the results, the cost of the investigation and the availability of 
the f a c i l i t i e s  required. 

The resultant experimental approaches 
Prime considerations entering in to  the evaluation are the 

- 1  

3 

I 

Two particuLarly c r i t i c a l  questions arise at  the outset o f t h i s  type of 
methods evaluation. F i r s t ;  is  tes t ing i n  a reduced or  zero-g (free f a l l )  envir- 
onment a requirement, o r  can the g-sensit ivit ies be adequately inferred from 
simulated low-g conditions? 
axe the min imum test durations needed t o  provide the desired data? 

Second, if actual low gravities are  required, what 

In general, the cost involved i n  a simulated low-g test would be a smal l  
fra:t ion of tha t  involved i n  actually producing a useable low-g environment. 
I n  addition, where actual low-g testing is deemed necessary, the costs have been 
found to increase extremely rapidly as the t e s t  duration increases, These cost 
relationships become evident f'rom the previous discussions of "Gravity Sensiti- 
v i ty  Test Methods and Facil i t ies," 
a study of the test requirements and parameters t o  establish these points. 

Consequently, the first evaluation step is  

Flame Propagation 

The inmediate objectives of a flame propagation test would be t o  determine 
the effects  of reduced gravity, and i t s  related parameter ventilation, on flame 
propagation characteristics of the elements of the IISS. 
desired that the tes t ing be sufficiently basic t o  make the resul ts  generally 
applicable t o  the elements of l i f e  support and other orb i ta l  systems beyond the 
IUS. With these objectives as a guide, a large number of USS materials were 
obtained, and a set of preliminary experiments devised t o  determine ignlition 
and flame stabil ization times, and whether or  not free f a l l  testing would be 
required, A detailed treatment of the preliminary experiments i s  given i n  the 
appendix, but a summary of the more significant results is  included here. 

It would be further 

Fram approximately 57 non-metallic materials used i n  the USS approximately 

The latter two w e r e  included due t o  the i r  ubiquity and rapid 
Ignition characteristics of these materials were observed 

20 were considered t o  be possible test candidates. 
obtained and t o  them w e r e  added propylene glycol, E331, fi l ter  paper, and 

burning behavior. 
during the i r  exposure t o  a gas flame and/or an e lec t r ic  arc ignitor. 
ignit ion times were measured f o r  the gas flame tests, and e lec t r ica l  ignition 
energies as w e l l  as a general assessment of ease of ignit ion was made fo r  the 
a rc  ignitor tests. 

Samples of these were 

ng, 

Required 
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I n  general the f l amab i l i t i e s  of all. the U S S  s0U.d materials were very low, 
The con- o r  the tines required f o r  their  satisfactory ignition were quite long. 

sequence being tha t  their  consideration as candidates fo r  low-g testing would 
necessarily imply a very costly test program. 

The l i q u i d  tests showed propylene glycol t o  be non-flamable i n  i t s  diluted 
The DC331was found t o  burn vigorously when pre-heated near state on the IISS. 

its' flash point but t o  produce a smoky flame containing large .EMOlllltS O f  soot, 
Irrbricating o i l  was not tested as no appreciable quantity is used on the IISS. 

FoUowing the ignition characteristics testing, experimentation and study 
w a s  perPonned t o  investigate the possibil i ty of obtaining law-g combustion 
characteristics by the use of simulated law-g techniques, and t o  develop test 
methods, devices, and procedures which could amly t o  future test planning, 

low turbulence, downward ventilation for  the test specimens. The specimem 
included various types of paper, insulated wire, thread, ethyl alcohol, and 
ethyl ether. 
igni ted with an e lec t r ic  arc and the flame propagation rates were observed at 
various downward ventilation rates. Effort was made t o  reduce o r  cancel the 
bouyant ventilation effects of the flane by appropriate adjustment of the down- 
d r a f t .  Canbustion data was obtained photogrm;phie .  Analysis of the data 
from t h i s  experiment indicated that the technique was not a satisfactory 
simulation of actual reduced gravity. 
duced l i t t l e  or  no effect on the upward flame prupagation, w h i l e  fo r  others 
the  results became erratic.  

A mall experimental ver t ica l  wind tunnel was set-up t o  provide controlled, 

With the  exception of the insulated Wire, the specimens were 

For sone specimens the down-draft pro- 

Studying the p ic tor ia l  data, huwever, provided r ea l i s t i c  information on 
flame propagation rates  and their  variability. Also, the  d e v e l p e n t  of the 
ventilation apparatus, the arc  ignitor and sample retention devices, and the 
cinematic recording techniques provided considerable insight into the design 
of low-g flame propagation test systems. 

Other methods of simulating low-g flame propagation were studied but not at 
the experimental level. 
flame bauyancy effect, but none were considered t o  be satisfactory. 

As a consequence of these preliminasy experiments and studies, a test 
approach evolved which, though somewhat different frorn that originally a n t h i -  
pated, could produce essentially the same results but at a min ima l  test cost. 
The approach is  directed toward the determination of criteria f o r  predicting 
flamne propagation by using materials amenable t o  the relatively inexpensive 
drup testing. 
meters and, by apprupriate extrapolation procedures, could then be used t o  
assess the effects of gravity on flame propagation fo r  materials i n  general 
including less convenient materials such as those of the 3323s. 
is i l lustrated i n  figure 9, where the inaccessible test region fo r  econmical 
testing corresponds t o  the sizes, ventilation and gravity levels of concern 
fo r  most of the ILSS materials. 

These centered around the problem of nullifyingthe 

These materirtls could then be tested Over a wide range of para- 

The approach 
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Figure 9. - F h e  Propagation T e s t  Regions 
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The determination of flame propagation prediction c r i t e r i a  involves both 
analysis and test, 
as shown below, and these may also be thought of as'phase$i'@f' the investigation, 

Three intermediate or partial objectives can be identified 

Flame Propagation Mechanisms 
Flame Propagation Relationships 
LSS Element Flame Propagation Characteristics 

It is fe l t  that the flame propagation mechanism could be investigated by 
direct  analyeis, and that the val idi ty  of the analytical  results could be 
assessed through the use of test specimens which are quite small and highly 
combustible, such as droplets of ethyl ether, f ine cotton thread and s t r ips  of 
paper, 
drop test would provide complete coverage of the transient cmbustion, The 
simple globular o r  l inear form of the specimen would f a c i l i t a t e  analytical. 
investigation of the cmbustion, and it is  expected that the correspondence 
between theory and practice would i n  th i s  phase be close and f i l l y  verified. 

Their characteristic combustion times are so short that a two second 

Independent variables fo r  possible investigation i n  th i s  and the l a t e r  
phases are tabulated below. 

Enviroment : Acceleration (g ) 
Ventilation 
Atmosphere : Temperature 

Ignition 
System: Size 

(Including 
Specimen) Geometry 

Material 

Pressure 
Composition 

Source 

(Configuration) 
Characteristics 

Establishing "Flame Propagation Rehtionships, w h i c h  is  i n  effect  an 
extension of the preceding phase t o  more complex problems, would make use of 
larger test specimens w i t h  the l i m i t  being set by the drop test time available. 
I n  addition, the test specimens w o u l d  be of different configurations and 
material, such as paper and cloth spares ,  and it is fe l t  that the direct  
analytical  performance prediction would, at  least t o  some extent, have t o  be 
modified tuward the creation of a dimensional framework fo r  pZanning th'e tests 
and correlating the results. 

Determining "LSS Element Flame Propagation (2xmacteristics" would involve 
l i t t l e  if any actual zero-g testing, 
categories of flammability of LSS Elements and t o  attach g/ventilation sensi- 
t i v i t y  data t o  them. 
other phases, would have t o  be prepared on a contingent basis, 
routes t o  be followed depending on the preceding analysis and t e s t  results. 

The objectives would be t o  establish 

The testing in th is  phase, probably even more than i n  the  
With alternate 



This phase deals with real tine and s i z e  effects. 
at normal gravity and possibly on a centrifuge at increased gravity, but there 
would be no reduced gravity testing. 
figure 9 which i l l u s t r a t e s  how the flame propagation characteristics i n  the 
inaccessible Zero Gravity/Zero Ventilation/Wge Size corner can be inferred by 
at  least three independent methods of extrapolation. 

Testing would be conducted 

This ties into the representation of 

I n  summary, test methods appropriate f o r  flame propagation testing include 
low-g drop tests, one-g laboratory tests, and high-g centrifuge tests f o r  basic 
investigation, and fo r  establishing c r i t i c a l  flame propagation relationships; 
and one-g and possibly high-g tests for categorizing f u l l  scale flammabilities 
and extrapolating them into the low-g region. 

Specific test f a c i l i t i e s  include the 4.3 second drop f a c i l i t y  at  NASA/MSFC; 
a simplified two-second drop f a c i l i t y  having a very short "turn-around" time; 
a centrifuge having at least a Log, 500 pound capability; and a laboratory area 
suitable fo r  one-g burning tests. 

The approach t o  the investigation of flame propagation described above would 
definitely increase the leve l  of knowledge on th i s  complex subject, but the 
applicability of the resul ts  t o  the USS or  near future l i f e  support systems i s  
somewhat uncertain. The flammability leve l  of materials used i n  the environment 
of the IISS i s  almost universally low. In  presently anticipated future systems 
flammability levels w i l l  almost certainly be lower, and the reduction of gravity 
definitely tends t o  inhibit  combustion. Consequently, the pract ical  value of 
these tests at  t h i s  time i s  considered questionable. 

Liquid Mixing 

As i n  the preceding discussion on "Flame Propagation," the  objective behind 
liquid m i x i n g  testing i s  not only t o  assess the g-sensitivity of the specific 
system and conditions of the USS but t o  perform the tes t ing  i n  such a way as 
t o  make the resul ts  as generally applicable as possible. 
evaluation of test methods w a s  directed toward those methods which could provide 
the most usef'ul d a t a  f o r  predicting the g-sensitivity of any liquid mixing pro- 
cess, including the ILSS process, and a t  the same time be performed at minimum 
cost. 

Consequently, the 

Consideration of the phenomena of l i q u i d  mixing, and a review of available 
test methods indicated that  an actual low-g environment should not be necessary. 
As g-sensitivity is  significant only i n  the convective component of liquid 
mixing, and the diffusion component i s  re la t ively very slow, satisfactory simu- 
la t ion of the low, or  zero-g condition can be obtained by use of the balanced 
density method. Principle hard- 
ware items include a variety of injection devices, and several f u l l  scale, 
clear plastic m i x i n g  tanks, two of w h i c h  should closely approximate the geometry 
of the IISS urine dilution and pre-treatment tanks. 

Mo major f a c i l i t y  would therefore be needed. 

T e s t  l i q u i d s  could be selected having appropriate densities t o  sbula te the  

Mixing rates would be monitored visuaUy and by cinematography. 
desired g-level. 
determination. 

These could be colored where necessaryto simplify mixing rate 
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Correlation with actual ILSS l iquids would be obtained at one-g using chemical 
analysis techniques t o  determine concent 0 

It should be noted here that while g-sensitive liqyid-mixing conditions may 
exist within the ILSS and the mixing behavior i s  not amenable t o  analysis, it 
appears highly probable that thorough mixing can, and w i l l ,  be provided by 
re lat ively simple and inexpensive hardware o r  procedural changes, As this 
would eliminate any significant g-sensitivity, the above suggested mixing test 
may be of more academic than pract ical  value, 

Verification T e s t i n g  

The g-sensitivity analyses reported i n  the Test Candidate Screening section 
are necessarily based on certain premises. 
assumptions and the physical background data. 
cases experimentation is necessary t o  verify the adequacy and val idi ty  of the 
assumptions and the  accuracy of the basic data, 
screening analyses, three g-sensitive areas have been selected for  such experi- 
mental verification. These areas are: Liquid release from condensing heat 
exchanger fins;  heat exchanger passage plugging; and s t ab i l i t y  of l i q u i d  films 
exposed t o  gas drag. The conduct of experiments t o  verify assumptions made i n  
these areas, and the correlation of the resultant t e s t  data with the analytical 
results should considerably enhance the value of the performance predictions 
based on the analyses. 
confidence and would almost necessarily be more accurate; and the experhental  
support would make the predictive tools w h i c h  can arise from the analyses more 
at t ract ive t o  the designer of l i f e  support systems. 

These premises include the guid ing  
It is felt  that  i n  selected 

From the previously discussed 

These predictions could then be accepted with more 

Liquid release fran fins,-  A t  the downstream end of a condensing heat 
exchanger, water mst often be removed -the fins or  passage w a l l s  by 
gravity, gas flow or  other means. 
the  passages is  associated with the thickness of the film b u i l t  up i n  the 
passage and w i l l  a lso be affected by gravity, 
reflected upstream effect on the heat exchanger, and it is of considerable 
importance t o  the design and operation of downstream devices such as a centri- 
fugal separator. 
t r a n s p o r t  problems i n  the heat exchanger could and should be used t o  estimate 
the drop sizes, but the physical si tuation i s  quite ccanrplex, and it is  f e l t  
advisable t o  conduct a verification experbent in support of the analyses. 
The u t i l i t y  of t he  experbental  approach here is  not so much t o  supply or 
inprove the accuracy of the basic physical data needed as a basis fo r  the 
analytical treatments, but rather t o  ensure the adequacy of t h e  analytical 
assumptions, 

The s i z e  of the droplets shed at the ends of 

The drop size may have a 

Analytical methods such as those used t o  assess the l i q u i d  

The apparatus fo r  t h i s  t e s t  w o u l d  sbnulate at least a par t  of the down- 
stream end of an IISS heat exchanger, but very probably would not duplicate It. 
Windows o r  transparent w a l l s  would be provided in  the downstream plenum cham- 
ber, and care would be exercised i n  their  location snd design t o  allow a clear 
view of the plenum chamber cantents and t o  prevent the i r  presence from affect-  
i n g  the droplet formation. 
methods would be used. 

It is anticipated that three g-sensitivity test 
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Centrifuge tes t ing wmld al low the definite evaluation of a droplet size/gravity 
trend, Reorientation of the test package would allow extrapolation toward zero- 
g from two different d i  ections; and carefully configured IYbsity balance tes%$ 
would provide assurance that the extrapolations are applicable i n  the very low-g 
regions. Test conditions such as l iquid fraction and flow velocit ies w o u l d  . 
include values simulating the USS onment and would be extended up or  down 
as required t o  approach o r  exceed c r i t i c a l  conditions, and the resul ts  would be 
correlated w i t h  the predictions of the analyses. 

.- The previously performed g-sensitivity analyses present 
analytical  treatments of the blockage or  plugging of heat exchanger passages. 
Briefly, these analyses show that if the flow ra t e  through a condensing heat 
exchanger i s  sufficiently low, the water films on the passage wal ls  may build 
up i n  thickness u n t i l  they meet i n  the middle. 
joined films will then tend t o  obstruct or  block the passage of air. 
pressure required t o  break the meniscus can be calculated directly, as is done 
i n  those 
simple, 
the condenser o r  small  i r regular i t ies  i n  the passages, which may create multiple 
obstmctive menisci; and the capillary (or surface tension) retention of water 
at the condenser outlet, which would tend t o  thicken the water films i n  that 
region, 

The meniscus formed by the 
The 

ses, but there is  a possibi l i ty  that the situation i s  not that 
Possible discrepancies include the effects of randan acceleration of 

For the experimental. evaluation of t h i s  problem, a typieal condensing heat 
exchanger (or simulating elements) could be set up and tested t o  determine 
whether these or  other effects extraneous t o  the basic analysis do indeed have 
a sigaificant effect  on the passage plugging and clearing. 
(gas and l i q u i d )  conditions, and the orientation of the test  set up wauld be 
controlled t o  be near the plugging/cle&ng threshold. 
compared with the analytical  predictions. 

Flow rates and f luid 

Tes t  results would be 

Liquid film stabil i ty.-  The condition of l i q u i d  films being dragged along 
so l ia  surfaces by gas flow occurs i n  many of the ILSS components. 
Physical Principles section gives data on the s t ab i l i t y  of such films. 
data, shown p ic tor ia l ly  i n  figure 3, was taken from a Stanford University Report 
(ref,  1) by Reynolds, Saad and Satterlee. 
derived the da ta  from an analytical study by J, E. Miles ( re f ,  ll). Figure 3 
shaws a s t a b i l i t y  l i m i t ,  but there is same question whether t h i s  analytically 
derived data is direct ly  applicable t o  the specific processes encountered i n  
l i fe  support systems, Qualitatively, it is known that as the Ids  Number 
and Webers Number increase, (e,g., with increasing velocity) the film becames 
wavy, then is  increasingly raughened, and at st i l l  higher velocit ies the film 
is torn in to  drops and spray, 

The Basic 
This 

Reynolds, et al of that  reference 

SitiVity analyses Indicate that the water films i n  the condensing 
heat exchangers w i l l  be smooth and flat. 
on the basis of that indication, and it is fe l t  t o  be valuable t o  verify experi- 
mentally whether the basic smooth and flat datum i s  true here, Tes t ing  could be 
prf’ormed at o r  near USS scale s ize  and conditions, wtth water films carried 
along by air current. The test fixture could be fitted with a window f o r  observ- 
ing the film, and observations made w i t h  the f ixture  positioned at  several 
different orientations t o  verify the analytical data, 

Surface drag coefficients were assigned 
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Assessment of the g-sensitivity of a Ufe support process involves identifi- 
cation and coDnparison of the g-sensitive and g-independent elements which make 
up the process, Fran the g-sensitivity studies which have been performed on the 
USS subsystems, a number of processes have been identified as being camon to 
most foreseeable future life support systeas, and at least potentially g-sensi- 
tive, It is of interest to examine the elements making up these processes and 
to develop a generalized approach or set of criteria to use for predicting their 
g-sensitivities, The processes are listed below. 

Heat transfer between fluids and solids. 
Liqid behavior control by: Gas Flow 

Capillasity 
Centrifugation 

Solids control by gas flow. 
Fluid mixing. 
Mechanical device operation, 
Flame propagation, 

It is recognized that these represent very broad fields of study with innu- 
merable possible variations of application. 
directed toward the more basic features of the processes with a great deal of 
specific application information left undeveloped. 
may serve as a beginning or nucleus frm which a cmprehensive "deSign handbook" 
may be eventually developed, expanding the applicability of prediction criteria 
for the processes considered here, as well as increasing the scope to include 
addit2onal processes . 

The effort here has thus been 

It is hoped that this work 

Heat Transfer Between Fluids and Solids 

Heat transfer may take place through convection, conduction, and radiation; 
convection normally being subdivided into natural (free) convection, and forced 
convection. 
is the result of gravity induced bauyancy forces. 
tivity of a heat transfer process thus involves the catparison of natural con- 
vection, or potential natural convection, with the other heat transfer modes. 
This may be accamplished by determining the parameters (preferably design para- 
meters) to which each heat transfer mode to be considered is sensitive, and 
establishing the relationships between those parameters corresponding to the 
g-independent modes with the parameter or parameters corresponding to natural 
convection. 
g-independent mode necessary to produce a heat transfer rate (or heat transfer 
film coefficient) equivalent to that for natural convection. 
tudes, and the relationships between the individual parameters and the heat 
transfer rates for their corresponding modes, the relative magnitudes of g-depen- 
dent and g-independent heat transfer can be determined or established. 
leads to an estimation of the effect on over-all heat transfer of the repoval 
or addition of the g-level considered. 

Gravity-sensitivity is manifested only in natural convection and 
lktermination of the g-sensi- 

This establishes the magnitude of the design parameter for the 

From these magni- 

This 
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I n  considering the three g-independent heat transfer modes which may be cam- 
pared t o  natural convection, the radiation mode gmpeess t o  be the least important 
as it is seldm relied upon t o  provide appreciable heat transfer between 8 eolSd 
and a fluid. Conduction is probably next in importance, with forced convection 
being the mode most frequently used due t o  its convenience with f luids  and . i t s  
high heat transfer capability. In view of this, the details of establishing ' 

g-sensitivity criteria for  a primarily forced convection process are i l lustrated 
fo r  several forced convection conditions, 

heat transfer may be calculated f r o m  the following equations fo r  forced and 
natural convection respectively: 

For a ver t ical ly  oriented flat plate  i n  the laminar flow regime, convective 

. Nu = .664 &'I2 (ref. 12, p. 149) 

Mr = .56 Gr1I4 (Or C 5 x lo") (ref. 12, p. U7) 

where: Nu = Nusselt Number 

Or = Grashof Number 

Re - Reynolds Number 

ing  these convection relationships provides the design parameter, velocity 
(VI, for forced convection as a f'unction of the design parameter, w a l l  t o  f luid 
temperature difference ( A t  ), fo r  natural convection; f o r  the case when the 
forced convection heat transfer coefficient is j u s t  equal t o  that for  natural 
convect ion . 

V = ,713 Pr -1/6 ( b3 1 (Gr C 5 x 10") 

The tenus and g are f luid thermal expansion coefficient and gravitational 
acceleration respectively. The plate  length (L) is a design parameter which can 
influence both natural and forced convection heat transfer and thus may be asso- 
ciated here with either V o r  A t .  This relationshipois shown graphically i n  
figure 10 fo r  water at average f i lm taperatups of 20 and 100% and i n  figure 
ll for air at average fFlm temperatures of 70 , 300 , and l e F .  For conven- 
ience, p la te  length has been grouped with the velocity term. Flow region limits 
within which the relationships are applicable are specified by the appropriate 
dimensionless parameter cri teria.  

culations have been made fo r  a vert ical ly  oriented f lat  plate  i n  
the turbulent f l o w  regime and for  tubing o r  cylinders i n  cross-flow. 
vertical plate: 

For the 

95 



z 
E 
0 w > z 
0 u 

E! 

2 
3 
E c z 

w 
CG 
3 
E c 
E 
W 
R 

w 
E 

2 



I 
* . Y  

. .  
o o d  w F I G  0 0 
FI 

0 

2 

B 

D 

3 w 
w 
E 

c 
0 
E 
I4 
I4 c 

!3 

3 

d 

97 



t 

Nu = .037 -'I3 Beo8 (ref', 12, p. 170) fo r  forced convection, 

Nu - .17 G r  ''3 p,lJ3 (ref. 12, p. fo r  natural convection 

I *  

and 
( G r P r > 2 x l d  ) with water 

and Nu = . l2Gr *33 Pr*33 ( G r P r  > 10" ) (ref. 1, p. U7) fo r  
natural convection with gases. 

4 Equating these gives the velocity, temperature difference relationships: 

( G r P r  > 2 by lo9 ) for  water, CL 016 ( gg )e42 Le25 042 v = 6.75 A t  

1 

( pg 1.42 L.25 ( G r P r  > 10" ) fo r  gases. CL .16 and v = 4.3 (7) 
T 

The tenns p and p refer t o  fluid dynamic viscosity and density respectively. 
For tubing or cylinders in cross-flow: 

Nu = ,385 Re*56 pre3 ( Re > Loo ) (ref. 13, p. 58) fo r  forced convection, 

and Nu e .525 Gr114 W114 ( G r P r  > lo00 ) (ref. 13, p. 59) for  natural convection 

Equating these gives: 

w h i c h  is  applicable t o  gases and liquids. 
turbulent f l o w  and cylinders i n  cross-flow, are ilhstrfjted inofigures 12 p d  
13 respectively fo r  average air f i l m  temperatures of 70 F, 300 F, and lo00 F, 

convection but t o  i l l u s t r a t e  the relationships w h i c h  can be develuped between 
them and which may then be used t o  assess o r  specify the g-sensit ivity of the 
over-all heat transfer process. 
a heat transfer ra te  equivalent t o  that resulting frcm natural convection, it 
is only a matter of referring t o  the forced convection formula t o  identify or 
establish the relat ive magnitudes of the g-independent and g-dependent heating 
modes .  If, fo r  example, a convective heat transfer process which is designed 
t o  produce a heating ra te  under zero-g of 2 times the 1-g natural convective ! 

rate fo r  the sme temperatures, is  brought into a 1-g environment, the heating 

i 

These relationships, fo r  flat p la te  

* I  
These examples ~ s e  not intended t o  include all cases of natural and forced 

Knowing the forced air velocity which produces 

i 
rate may increase or decrease depending on the orientation of the forced 
velocity vector and the bouyant forces. In  either case, the change i n  heating 



JI 

i 

i 

6 c 
0 
t-c 

0 0 0 0  

99 



w 
Pi 
W 

. .  
r ( 0  0 0 

100 

I 

5 
d 
k 

I 
ti", 

0 



rate may be expected t o  be no mater than l / Z  times the forced convective 
rate as designed for  the zero-g condition. The precise change depends upon the 
particular relationships assumed and upon the magnitude of 2, but f o r  general 
engineering purposes is not cr i t ical ,  

Calculations sirnilas t o  those f o r  forced convection m y  be made fo r  canpar- 
ing conduction and natural convection. 
are possible depending on the particular conditions of the natural convection 
and the resultant selected formula for the natmaJ. convective heat transfer. 
A s  an example, the conduction design parameter, conduction path (X), required t o  
give a heat transfer rate jus t  egyivalent t o  that produced by natural convection 
on a ver t ical  flat plate  ( for  laminar flow) is found by equating the heat trans- 
fer equations: 

Again, a large mber  of relationships 

k 
X g/A = - A t  f o r  conduction, and 

S/A = h A t  f o r  convection where the f i lm coefficient (h) is 
obtained 

f’rom: Nu = .56 G r  114 -114 

q = heat transfer rate 

A = plate mea 

k = f luid thermal conductivity 

Equating the heat transfer equations and substituting the terms of the dimen- 
sionless parameters, the conduction path i s  found i n  terms of the plate length 
and temperature differences associated with the natural convection. 

Frau the basic concept of the convective heat transfer coefficient, it is 
clear that this conduction path length is  related t o  the convective thermal 
boundary layer thickness, and i n  the case of laminar flow, may be a close 
approximation t o  it. For the cases of air and water at  room temperature and 
A t  greater than a f e w  degress, this path length i s  i n  the order of a tenth 
inch or less, Consequently, for s m d l  conduction path lengths, as would be 
used where significant conduction is desired, the common natural convection 
relationships begin t o  lose their applfcability, This is due principaUy t o  
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t o  the restr ic t ion of f luid motion, As a result, g-sensitivity of a prfmarily 
conductive process decreases markedly as the  conduction path length is reduced 
t o  the value given by the above equation, and f o r  engineering purposes can be 
considered insignificant at values less than this. 

' 

Comparison of radiant heat exchange t o  natural convection by the type of 
approach used fo r  conduction and forced convection becames very complex due t o  
the nature of thermal radiation. Thermal radiation exchange; being a function 
of fourth power temperatures, emissivities, adsorptivities, and geometry; has 
no common parameters with natural convection, A camon temperature difference 
(At) can be developed i n  a somewhat a r t i f ' i c id  manner but its use involves the 
generation of se t s  of parametric data which themselves are collrputed values of 
radiation heat exchange under specific conditions, (ref , 14) Consequently, it 
is fe l t  that, for  the cases where solid-fluid radiation is  significant, the 
relat ive magnitudes of radiant heat and na tura l  convected heat should be compu- 
ted from the basic heat transfer relationships, As has been pointed out, these 
cases may be expected t o  be quite rare as the nature of thermal radiation makes 
it an unlikely candidate fo r  the solid-fluid heat transfer process. 

Liquid Behavior Control by Gas Flow 

For the assessment of g-sensitivity of processes i n  which use is  made of gas 
flow t o  control liquid behavior, three conditions particularly need considera- 
tion: (1) drag of a stable liquid film along a solid surface due t o  shear s t ress  * 

at the liquid-gas interface; (2) ins tab i l i ty  of the l i q u i d  film surface which 
can r e su l t  i n  liquid breakaway f r o m  the surface; and (3) transport of f ree  
l i q u i d  droplets by gas drag. 

Drag of a l i q u i d  film along a solid surface is  dependent essentially upon 
the surface shear forces, the pressure drop along the surface, and the l i q u i d  
weight. 
of l i q u i d  w e i g h t  on the film motion. 
analysis of the forces involved. 

Gravity sensit ivity of the process depends upon the relat ive influence 
This influence may be determined from an 

Considering an element of a l i q u i d  film subject t o  drag, w e i g h t  and pressure 
forces along a plane solid w a l l ,  figure 14, a force balance may be written as 
follows : 

- 
( 71 - 72 ) k A Z +  ( fi - Ps ) AxAy= p ~ A x A Y A z  

Where : 

7 = Shear s t ress  
P = Fluid pressure 
P = Liquid mass density 
g = Acceleration due t o  gravity 

a? aP 
a Y  -dz In  different ia l  form: - 6  P g 

p2 

-pl 

Figure 14.-Liquid Film Forces 
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-1 1 where (i) refers t o  liquid-gas interface, gives: 
Integrating and inserting the boundary condition: T = T i  at Y = 6 

f 

where CL is  liquid dynamic viscosity and V i s  -E By definition 7 = CL 
l i q u i d  velocity, consequen y: 

By integrating and evaluating the constant at  y = 0, V = 0, the  liquid 
velocity i s  found t o  be: 

From th is ,  the liquid volume flow rate Q may be found since 

It may be seen from t h i s  equation, that the l iquid flow rate i n  the 
direction of gas flow can be expected t o  increase with f i l m  thickness t o  a 
maximum value 

ap (assuming p g > ), and then decrease, eventually becoming negative, as 
k 

liquid weight becomes more significant. 
maxlmwn flow rate and the film thickness which corresponds t o  it, i n  terms of 
the gas flow parameters which are directly established by design. 
flow rate corresponds t o  the condition 

It is of interest  t o  determine this  

Maximum 

b '4 
'i 

from which:  
I 

T i  6 =-dp 
p g - 3 E  



Substituting this into the relationship for Q, gives: 

ps Vg2 where: f2 Since 7% = 

f = Friction factor 

Vs = Gas flaw velocity 

pg = Gas mass density 

it is possible from gas flow aonditions to determine the maxFmum liquid flow 
which can be transported against a gravity force. 

Assuming a desired liquid transport rate can be achieved in a gravity 
field, a quantitative measure of g-sensitivity may be assessed in terms of fib 
thickness for specific gas flow conditions. 6 
from equation (1) for the desired g-conditions, where p is the g-sensitive 
parameter. Thus, for the zero-g condition, equation (1) becomes: 

This maybe done by computing 

I 

i 

Comparison of the film thicknesses under different gravity levels can be of 
importance frm a flow standpoint if the thicknesses represent a significant 
portion of the available flow channel. The comparison may also be of impor- 
tance in the event that heat transfer through the film is a consideration. q 

It 
can be 
reduce 

aP 
(T) may be found that for many applications the pressure gradient 

neglected. In this case the equations for Q, and Q(o-g) / I  
to the following: 

10 4 
L !  

1 
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This l iquid film transport analysis har oonsidared the case of a flat plate, 
which,aharld be applicable t o  many heat exchangers and t o  plumbing of rectringU- 
lar cross section, 
Willis (ref, 15). 
equations developed f o r  velocity and flow rate becane: 

The case of a cylindrical wall fiias bedn'treated by I, J, 
Converting terns t o  correspond t o  those used herein, the 

where (R) corresponds t o  cylinder radius. If film thickness is negligibly 
small canpared t o  cylinder radius, the flow rate equation may be reduced to: 

This is  equivalent t o  the relationship f o r  the f la t  plate  case with a geometry 
correction factor  of 1/2 applied t o  the pressure gradient term, 

If large film thicknesses and/or high gas velocit ies are t o  be encounteyed, 
the liquid-gas interface may be expected t o  become unstable resulting i n  l i q u i d  
break-away from the surface. An analysis of the re la t ive effects  of inertia,  
viscous aad capillary forces has led  t o  the  film s t ab i l i t y  c r i t e r i a  shown i n  
figure 3. Reynolds and Webers numbers, as used i n  that figure are based on the  
chv-acteristics of the f luids  i n  best ion,  on t h e  thickness of the l i q u i d  film, 
and on the velocity of the liquid-gas interface. 

Transport of f ree  liquid droplets by a gas stream can be analyzed by com- 
With these'forces acting i n  the same 

With the forces opposing, t h e  effect  of 

paring d r a g  force t o  droplet weight. 
direction, the effect  of gravity is t o  accelerate the droplets t o  a velocity 
greater than t h a t  of t h e  gas stream. 
gravity i s  t o  reduce the droplet velocity t o  a value less than stream velocity 
and i n  the  extreme caae t o  make it negative with respect t o  stream velocity. 
For engineering considerations, the most c r i t i c a l  condition is tha t  occurring 
when the  forces are equal and opposite. 
a t  which the stream velocity jus t  fails  t o  be sufficient t o  transport the drop- 
lets. 

This condition corresponds t o  the point 

It is of primary interest ,  therefore, t o  deternine t h i s  c r i t i c a l  velocity. 

Drag force resul ts  f ran viscous and i n e r t i a l  effects and the relat ive impor- 
tance of these is related t o  Reynolds number. A t  Reynolds numbers up t o  0.1, 
drag is essentially a viscous phencmenon and may be obtained from Stokes equa- 
tion. Assuming approximately spherical droplets: 

%isc0us - 3 n c 1 ,  V, D 

mis may be exlpressed i n  terns of the drag coefficient Cp, where: 



and $ is  found t o  be: 

24 
Re 

q) = -  

F = Drag force 

I) = Droplet diameter 

A = Droplet projected area 

subscript refers t o  gas. 

I n  the Reynolds number range 0 . 1 t o  lo,, i ne r t i a l  o r  pressure effects become 
significant, their  importance increasing wi th  Reynolds number u n t i l  they 
account for  about 95 percent of the drag a t  a Reynolds number of 1000. For 
practical  application, G, f o r  spheres, based on extensive empirical data, i s  
readily available i n  reference l i t e ra ture  as a function of Reynolds number, 
figure 15. 
seen. Equating F t o  droplet weight f o r  spherical drops gives: 

In th i s  figure, the transit ion from viscous t o  ine r t i a l  drag can be 

from which, the c r i t i c a l  velocity V, can be 

2 = IT, 

Neglecting gas 
i n  the w e i g h t  

obtained. 

For free water droplets i n  air  this relationship is il lustrgted by the solid 
l ines  i n  figure 16, assuming one atmosphere pressure and 70 F, 
lets, and moderate velocities, the spherical droplet shape is a r ea l i s t i c  
assumption. For lasge drops and high velocities, however, the drops tend t o  
flatten, distorting the spherical shape, and resulting i n  a change in  the t rue 
c r i t i c a l  velocity. This change is shown i n  figure 16 by the dashed l ines  
fa l l ing away f r o m  the l ines  f o r  spheric& drcrps, The data f o r  the one-g case 
w a s  obtained from reference 16 and represents distorted drops of mass corres- 
ponding t o  spherical diameters (D). 
l ines, the deviations from the curves f o r  spherical drops can be extrapolated 
t o  vaxious g-levels, 
dependent upon Webers numbers (the r a t i o  of inelrtia t o  surface tension forces), 
and the C, r a t io  f o r  flattened t o  spherical drops is essentially constant i n  
the Reynolds number range 500 t o  10,000, where the deviation occurs. 

For small drop- 

By use of the constant Webers numbers 

This results from the fact tha t  droplet shape is 

As drops become larger they tend t o  become unstable and at high velocities 
they breakup, sett ing 
s i z e  is qproximately 
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a l i m i t  t o  drop size. 
1/4 inch, 

For water a t  one-g t h i s  maximum 





I 
0 
4 

108 



A related aspect of g-sensit ivity is the gravity effect  on droplet velocity 
For the  steady state con- when the gas velocity exceeds the criticaL velocity. 

dition, it is clear that the c r i t i c a l  velocity w i l l  correspond t o  the  re la t ive 
velocity between droplet and gas stream, hence actual droplet velocity i s  the 
difference between stream velocity and c r i t i c a l  velocity. Before steady state 
is reached, however, it is  l i k e l y  that  droplet acceleration w i l l  take place. 
This acceleration can be of interest ,  as steady state may never be reached f o r  
short transport paths. 
t ion  f o r  droplet  acceleration may be written: 

Considering upward velocit ies t o  be positive, the equa- 

i n  which 

gas 

The 

vd = 

v, = 

v =  
v =  
v =  

In  terms of droplet 
stream, t h i s  may be 

va -1 

droplet velocity 

gas stream velocity 

re la t ive velocity between droplet and gas 

vg -vd 

droplet volume 

transport distance(s), frm the point of entry into t h e  
written : 

drag coefficient 
turn is  a function of V. 
must be obtained i n  o d e r  t o  perform the integration, 
being empirical, appems t o  involve a rather complex expresston f o r  a reasonably 
good curve f i t .  The following equation w a s  obtained by curve f i t t i n g  techniques 
and i s  representative of the  empirical data over the range Re = 1 t o  Re = 4000. 

has been shown t o  be related t o  Re (figure 15) which in  
Consequently an expression f o r  S i n  terns of Re o r  V 

The $ -Re relationship 

For Re  
the l ike ly  range of concern. 
C,, into the equation for  dV/ds , the  following is obtained: 

1, the  Stokes equation C, = 24/Re may be used, while R e  > 4000 exceeds 
Substituting the  curve f i t t e d  relationship f o r  

While.this general expression 
closed form, it mey be solved 

is unforhnately not amenable t o  solution i n  
numerically fo r  specific cases where needed. 



Approximate solutions can be obtained however by direct  integration f o r  
cases of (‘C, = M/Re and 6, = K, where M and K are constants, The first 
of these ((3, = M/Re) gives results of increasing accuracy as Re decreases, 
being exact fo r  the Stokes l a w  region; while the second 
increasing i n  accuracy as Re  increases. t o  Re = -0. For the case CD - K, 
the expression 

(C, = K) gives results. 

while for  CD = M/&, 

Substituting these expressions for  C, into the dv/dt and dV/ds equations 
gives the following: 

for  C, = K 

1 and - 
Q 

f o r  C, = M / R ~  

1 and - 
g 

L!?cIL%=& 
V 1 -- 
vt3 



1 
1 

Integrating and inserting the condition e = o at t = o and V = V,, gives 
the  follawing expressions f o r  time as a function of droplet velocity, distance 
as a function of droplet velocity, and distance as 

f o r  the case C, = M/Re 

i i 
i McI%n of time: 

- vd 1 v, -vc 
8 = q v ,  g -  -ve) log v, -vc -v, 

f o r  the case C,, = K 
I 

v v  (v." -vas> -v, (v, -vc) V a  log vra -vc2 
= +.e log (v," -vc") -v, (V, +vc) 2g V'2 -v*z -v, ( 2  v, 'Vd) 

As pointed out, these relationships are exact only at  the limits of the per t i -  
nent Reynolds number range. A t  intermediate values of Re, the bet ter  approxi- 
mation may be obtained by selecting the equation based on the C, -Re relation- 
ship which more nearly approaches the actual curve. Approximately equal error  
may be expected at Re  - 100; the C, = K equation being preferred for  
Re > 100; while the C, = M/Re equation is preferred for  Re C 100. To 
i l l u s t r a t e  the results given by the two equations for  the distance versus 
velocity (which are probably the most u s e m  f o r  a droplet transport design 
problem) the most unfavorable condition of 
diameter of O.OOU.7 f't. and a gas velocity of 
The Reynolds number range is thus 
Re, and C& = 1.08 being the corresponding d rag  coefficient. The c r i t i c a l  
velocit ies a u s  become: 

Re = 100, the case of a droplet 
44.5 ft/sec. has been selected, 

Re  = 100 being the mean log 32 t o  320 with 

V, = 4.4 ft/sec. actual 



with M evaluated at  Re = 100. Spherical droplets a t  g - 32.2 f't/seca have 
been assumed. 
t o  terminal droplet velocity versus distance of droplet transport. 
droplet transport curve w i l l ,  of course, l i e  between those shown. 

f o r  the limiting condition of zero-g are not M e d i a t e l y  obvious. They may be 
obtained through substitution of the c r i t i c a l  velocity expression and series 
eqansion of the log terms, or by re-develqpment of the relationships from the 
original equations fo r  dV/dt and av/ds. The latter involves multiplying the 
different ia l  equations by g and l e t t i ng  g then go t o  zero. The resulting 
equations f o r  the zero-g condition are as follows: 

Results are  plotted i n  figure 17 as the r a t io  of droplet velocity 
The t rue 

Due t o  the nature of the preceding droplet transport equations, the solutions 

for  the case C, = M/Re 

2 v P D  
A P M  

where: T = 

f o r  the case C, = K 
I 

2 V P  1 where: L = 
A P ,  cb 

L + V d  
L s = V , t  -L log 

These relationships for  the zero-g condition correspond t o  the previous relation- 
ships f o r  the g > 0. 

By use of the ecpations f o r  distance as a function of velocity, the effect  
of gravity on droplet transport, fo r  the same flow velocity and droplet diameter 
used i n  figure 17, i s  i l lus t ra ted  i n  figures 1.8 and 19. 
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It should be noted, that other approaches t o  solution of droplet transport 
have been developed. In reference 17, for  example, the Gvs  Re relatiomhfp is  
divided in to  three regions: lom4 C Re < 2, 2 < Re 500 . and 500 K Re 18 . 
The corresponding relationships are: C, = &/Re, C, = 0.l &/Re, and 
C, = 0.44; all of which produce integrable relationships when substituted in to  
the i€V/ds equation, Use of these relationships provides somewhat greater . 
acGuraeythan the present method i n  the region Re "100 but l e s s  accuracy i n  
the regions Re a 2, and Re a l O O O ,  Selection of the most appropriate approach 
with regards t o  accuracy of the velocity and distance calculation depends upon 
the requirements of the particular case in question. 
selected however, assessment of g-sensitivity is  accomplished merely by intro- 
ducing the desired g-range in to  the selected relationships, 

Once an approach is  

Liquid Behavior Control by CapilJ-arity 

The use of surface tension or  capillary effects fo r  the control of liquid 
behavior i n  low or  zero-g is  particularly a t t ract ive due t o  the  absence of power 
requirements and the passive nature of the phenomena. 
involves the comparison of liquid weight with the capillary forces present. 
For a q l i E d r i c a l  capillary passage the pressure across the liquid-gas interface 
is: 

Gravity sensi t ivi ty  

where: F = Total force (paral le l  t o  tube axis) 
R = Tube radius 
(T = Liquid-gas surface tension 
e = Contact angle (measured through the Liwid fram 

A = Tube cross-section area 
w a l l  t o  liquid-gas interface) 

This pressure difference ( AP ) represents the surface force 
support a column of l iquid against gravity, o r  against another 
may be acting on the surface. 

tube 

available t o  
pres sure which 

For the case of a passage of'rectangular cross-section, the AP becomes: 

where 4, and are the widths of the passage sides. For passages of a 
more ccnrplex configuration, such as those i n  a porous m e t a l  plate, estimates of 
reasonably etpivalent dhensions may be usedl f o r  calculation; o r  the actual AP 
may be mea+ by experimentally determining the force which can be supported 
by the interface. 



In the case of a column of 
cal  capillary tube, the height 

liquid, supported against gravity i n  a cylindri- 
of the column is  seen t o  be inversely propor- - -  - 

t iona l  t o  the g-level. It is given by the following relationship: 

which describes the g-sensitivity of the system. The term p represents liquid 
mass density. Since h i s  also inversely related t o  R, it is  clear that 
g-sensitivity can be controlled by proper selection of passage dimensions. 

It is  of interest t o  note tha t  under actual operating conditions, the 
effective contact angle f o r  a l iquid i n  a passage can vary appreciably 
as pressures change or  when flow occurs. For example, a mall amount of liquid 
i n  a capillary tube (which could conceivably be an element of a heat exchanger 
core), under s t a t i c  conditions with no different ia l  pressure across the tube 
ends, could appear as shown i n  figure X)a, (I), 

( 8 ) 

Upon applying pressure a t  end 

1 

a b 

Figure 20 .- Effect of Pressure on Liquid i n  a Capillary Tube 

the  interfaces would assume a configuration approaching that shown i n  a b ,  with 
the low pressure interface flattening scanewhat. 
consequent increase i n  effective contact angle depends upon a variety of things 
including surface roughness and cleanliness as w e l l  as pressure different ia l  
and original contact angle. The result, however, is  that t h e  l iquid element is  
capable of supporting a pressure different ia l  along the tube, and a number of 
liquid elements i n  series can support a significant pressure drop. In  zero-g, 
without the weight of the liquid t o  assist i n  clearing the passage, t h i s  problem 
of passage blockage may become a design consideration, 

The amount of flattening, and 

Liquid Behavior Control by Centrif'ugation 

In  the absence of gravity, the separation of l iquids from gases requires 
special consideration. 
tr ifugation which, i n  effect, creates an a r t i f i c i a l  gravity. Sensit ivity of 
a centrifugation process t o  real gravity forces i s  determined by comparing 
weight t o  centrif'ugal (or  iner t ia l )  force. 
fugal force i s  equal and opposite t o  the  gravitational force, which may be 
considered t o  represent a c r i t i c a l  condition: 

One of the most frequently considered methods i s  cen- 

For the  case i n  which the centri- 



i n  which: w L: Angular velocity of rotation 
R = Radius of rotation 

g = Gravitational acceleration 

For values of UidR greater than g l iquid w i l l  be retained at the centrifige 
rim. For values less than g, however, the l iquid may f a  inward from the rim 
Over a portion of a revolution. 

Analysis indicates t ha t  a second order effect  of gravity on the time required 
f o r  a liquid druplet t o  reach the rim frm a point i n  the inter ior  of the centri- 
a g e  may be expected. 
and flow conditions assumed, and may be considered negligible when the centrifu- 
ga l  acceleration a t  the rim is appreciably greater than g. 

This effect, however, is unique for  each se t  of gemetry 

Solids Control by Gas Flow 

The g-sensitivity of solid par t ic les  carried i n  a gas stream may be deter- 

This influence is  

mined i n  much the  same manner as was discussed f o r  l i q u i d  droplets under "Liquid 
Behavior Control by G a s  Flow." 
between the analyses i s  the influence of par t ic le  gemetry. 
apparent f r o m  the presence of the C,A term i n  the basic equation f o r  c r i t i c a l  
velocity. 

The significant difference t o  be considered 

For solid par t ic les  t h i s  equation becomes: 

where In the case of spherical o r  approxi- 
mately spherical l i qu id  droplets, the value of C, may be readily determined from 
druplet size, (A),  and flow conditions. In  the case of solid particles,  
however, since the  variety of possible geometries is extremely large, and the 
shape may be quite complex, there is  no convenient analy-tical relation between 
CD and par t ic le  configuration. 
of paSticle configuration itself w i l l  be lacking. 

pp refers t o  par t ic le  m a s s  density. 

Furthermore, it is cpite probable that knowledge 

A s  a consequence, it w i l l  probably be necessary fo r  reasonably accurate par- 
t i c l e  behavior analysis, t o  obtain a value of C,A, 
mentally with the particular par t ic le  configuration under question. (This can 
generally be acccxplished by simply measuring f ree  fa l l  terminal velocity i n  
s t i l l  air at Ig). I n  addition, unless V,, is  measured at the desired gravity 
level, an assruIfption must be made regarding i t s  variation w i t h  gravity. As C, 
depends upon Reynolds rmmber, which i n  turn i s  a function of velocity, it is 
clear  frm the above equation f o r  V,, that th i s  gravity variation hinges on 
the C, -Re relationship. A good approximation of the desired V,, can be made 
f o r  most par t ic le  transport problems by assuming the C, -Re relationship f o r  
spheres as w a s  shown i n  figure 15. 

o r  c r i t i c a l  velocity, experi- 

While th i s  assumption can introduce errors 
in transport calculations f o r  
frcm spherical, its effect  on 
significant. 
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part ic les  whose geometry is appreciably 
the g-sensitivity of the process should 

different 
not be 



I .  

J 

Assuming the C,, -Re relationship f o r  spheres, the analysis becmes essen- 
tially that  given i n  the previous section for  l iquid droplet transport. 
precise analysis, an effective diameter can be detennined through the construc- 
t ion  of c r i t i c a l  velocity curves such as those i n  figure 8 and the behavior of 
the par t ic le  determined by numerical integration of basic transport equations 
in which the 

For 

4000 1.76 
0,1015 (log -+ CD = .39 e 

relation is inserted. 
obtained by m a k i n g  the C, = K or  C, = M/Re assumption, depending upon the 
Reynolds number of concern, and using the relationships fo r  time, velocity and 
distance which were derived i n  the previous section, 

As an alternative, reasonable approximations can be 

A particular case of particle,  o r  droplet motion, (which is introduced here 
because it may find more frequent use i n  dealing with solids) i s  that of se t t l ing  
behavior i n  quiescent gas, By letting V, go t o  zero i n  the time, velocity, 
distance equations given for  liquid droplets, and making the following substitu- 
t ions : 

v, = -v, 

s, = -s, 

where V, is  par t ic le  velocity, V, is  terminal velocity and S, is par t ic le  
distance fallen, t he  se t t l ing  characteristics of a par t ic le  are obtained. 
convenience, directions are taken as positive downward, 

For 

2 V P  D g  For C, = M/Re, where V, = ,e 



Gravity sensitivity is determined here as in the previous case by introducing 
the desired g-range into the selected relationships. 
that these equations, as well as those for droplet transport may also be applied 
to solid particle motion in liquids. 
negligible compared to the solid density, consequently p, -pL, (PL = liquid 
mass density), should be substituted for pp in the expressions for V, and 
VT. Gas density P, is, of course, replaced by PL. 

It should be mentioned 

In this case liqyid density may not be 

Fluid Mixing 

The process of fluid mixing may be considered, for engineering purposes, as 
consisting of two phases: 
into the solvent; and a final diffusion mixing on the molecular level. 
initial dispersion results from convective processes within the fluids and pro- 
vides a distribution of the solute throughout the solvent on a macroscopic scale. 
This sets the stage for the final diffusion mixing to take place due to molecu- 
lar agitation (Brownian Motion). 
relatively slow compared to convective velocities; the time required for mixing 
is quite sensitive to the extent, or uniformity, of solute distribution produced 
by the convective processes. 

an initial dispersion of gross portions of the solute 
The 

As diffbsional velocities, in general, are 

Gravity sensitivity of fluid mixing is considered here from the standpoint 

In addi- 
of these two basic mixing processes. 
as its g-sensitivity may be reasonably well determined analytically. 
tion, for currently anticipated life support system functions, its g-sensitivity 
may be shown to be negligible. 

The diffusion process is considered first 

Diffusion mixir+- 
w i l l  experience an accelerating force Fg 
acceleration g; such that: 

A molecule, or particle of molecular size, in a fluid 
in the presence of a gravitational 

in which: p = particle (solute) mass density 

p '  = fluid (solvent) mass density 

v, = molede or particle volume 

( p  and p'  are strictly the reciprocals of the partial specific volumes; however, 
for relatively large molecules or groups of molecules, they may be considered 
as equal to the densities). 

i 
. J  

t 
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Due t o  fr ic t ional  resistance t o  motion of a particle, a velocity V w i l l  
resul t  i n  a countering force F, (viacous), For low Reynolds numbers thi8’ 
force, F,, is proportional t o  V, such that Fv = fvF; where f, may be 
considered as a f r ic t iona l  resistance. When terminal velocity V, due t o  
Fg isreached: 

Fs = F, = fv  V,, or  V, = g (P 4’) v,/f, 

To determine diff’usional force, the kinetic theory of gases may be applied 
t o  the solute molecules or  particles giving: 

1 -  pv = - m  Van, 3 
i n  which p is  the pressure on one surface of an assumed volume v containing 
n particles of mass m, and velocity v. Considering an incremental volume 
(ax)”, having dn particles: 

p (ax>” = $ m  dn 

o r  p = 1; m dn/dx 3 

Since p (dx)” represents force on the incremental surface (dx)” , p ( /n 
may be considered as drag force per particle, Fd. Thus: 

A s s u m i n g  the kinetic energy of Brownian movement t o  be simiLar fo r  particles 
and molecules: 

pv = m ~a N = KC for  one mole, 3 
where N is the number of molecules per mole, R i s  the universal gas constant 
and T is  absolute temperature. 

Thus: KC/N = 

Substituting t h i s  

Fd = 

v,N P =I 

Fd = 

L m F  
3 
into the equation for Fa, 

KC dn or  since: si dx’ 

Molecular weight M, 

R T P v ,  - dn’ 
Mn dx 

As i n  the case of gravitational force, 



Since f, i s  common t o  both dif'f'usional and gravity induced motion, the r a t i o  of 
diffusional velocity t o  gravity induced velocity i s  equal t o  the r a t io  of t h e i r  
respective forces, thus: 

IT the net velocity i s  V, and the diffusional and gravity induced 
velocit ies are opposing: 

v written: v = ( 1 -2 ) V, 

Thus, the actual velocity i s  equal t o  the pure diffusional velocity (which is  
independent of gravity), modified by the factor ( 1 -V, /vd ) i n  which v,/vd 
is a direct  f'unction of gravity. 

The expression ( - ) is  seen t o  be the concentration gradient i n  the 
direction of diffusion:X a: a proportion of .the actual concentration at that  
point. It is clear that  the g-sensitivity, w h i c h  may be represented by VT /vd , 
is inversely proportional t o  the concentration gradient. ConsequentJly, it may 
be expected that very early i n  a diffusion mixing process, g-sensitivity w i l l  
be negligible; but as diffusion progresses and the concentration gradient 
approaches zero, the process ca.n becane sensitive t o  gravity. 
a process involving l i q u i d  mixing, the g-sensitivity fo r  diff is ion can be deter- 
mined by specifying a concentration gradient corresponding t o  an adequately 
m i x e d  solution, and solving for  VT /v&. 

Conversely, an allowable g-sensitivity may be specified i n  terms of vt/vd 
and the concentration gradient canputed which corresponds t o  the mixing level  
Jus t  at the time t h i s  allowable g-sensitivity is  reached. 

As an exanrple, an extreme case for  g-sensitivity i n  a l i f e  support system 

dn 

I 
i 

, I  In  the design of 

process will be considered. 
weight and density of the solute, the hypothetical m p n g  of a l i q u i d  of 
molecular w e i g h t  500 and density 2 with water at 500 R w i l l  be assumed. 
higher moleculm weight-density combination is highly unlikely i n  ISS mixing 
processes. , 

As g-sensitivity increases w i t h  both molecular 

A 

< ;  
I 
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500 x 32.2 1 
vT % & =  ( 1  -- ) =  Thus: dx n 1545 x 32.2 x 500 2 

If it can be assumed that 
gradient has decreased t o  
that time becomes: 

VT 1 ' I  r=m 

adequate m i x i n g  has occurred 
2 percent of concentration, 

.0162 

when the concentration 
the velocity ra t io  a t  

Thus, the actual mixing velocity eq?rals approximately 98 percent of the 
pure diff'usional velocity (i.e. the velocity which would occur under zero-g). 
It appears, therefore, that the diff'usional mixing process may be considered 
for  pract ical  purposes t o  be independent of gravity. 

(V) 

Convective .- Mixing rates based on diff'usion a3,one are unacceptab3y 
slaw f o r  most 2 E Z p p o r t  system processes. w e r w ,  convective mixing must 
be provided t o  reduce the diffusion path lengths such that  the f i n a l  diff'usion 
process can be ccuupleted i n  a reasonable time period. 
m i x i n g  can be sufficient t o  reduce the reqyired diff'usion path lengths to 
microscapic size, thus effectively eliminating the need fo r  further diffbsion; 
or convection can provide orily m i n i m a l  dispersion of the solute 1eavFng rela- 
tively large unmixed regions, or  gaps, t o  be mixed by diff'usion. The t o t a l  
time required for  acceptable mixing is determined primarily by the sizes of 
these unmixed regions. 

Thorough convective 

Consideration of the factors which determine the extent, or  thoroughness, 
of the convective m i x i n g  process leads t o  the identification of a number of 
interrelated vaxiables, each of which may also becoane involved i n  the deter- 
mination of g-sensitivity of the process. 
relationships are indicated i n  figure 21. 

These variable and their inter-  
. 
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Figure 21. Factors Involved i n  G-Sensitivity of 
Convective Mixing 

gravity effects are manifested as behavior due t o  weight, and th i s  
i n  the case of mixing, i s  upward o r  downward motion of the solute 

within the solvent, container configuration can be an important factor i n  
determining g-sensitivity by limiting the extent of t h i s  motion. 
it is  particularly important as it may be one of the variables over which the 
designer has the greatest control. 
including relat ive masses, velocit ies and mmentum determine injected stream 
entrainment of the solvent and convection decay periods, which i n  turn affect  
t h e  speed and extent of gravity induced motion. The solute introduction pro- 
cess, particularly wi%h regards t o  injection orientation and velocity, similarly 
affects  gravity induced behavior. Auxiliary mixing devices, i f  uti l ized, may 
i n  themselves be g-sensitive as w e l l  as direct ly  regulating the g-sensit ivity 
of the mixing process. 
mixing i s  closely related t o  the speed of gravity induced solute t rave l  and t h i s  
i s  i n  turn a function of the batyant force resulting frm differences i n  solute/ 
solvent densities, an additional factor, the Reynolds number, should be meation- 
ed. While it i s  lmplicitly included by l i s t i n g  density, viscosity and velocity, 
it is of particular significance i n  that a suff ic ient ly  large Reynolds number 
(of the order of a f e w  thousand) assures i n i t i a l  turbulent m i x i n g  of the solute 
w i t h  the  solvent; thus it can have a marked effect  on reducing the density 
difference between the two. 

In  addition, 

Properties of the solvent and solute, 

In  addition, since the g-sensitivity of convective 
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A t  present, there i s  no function or  set of ftmctions available which ade- 
quately expresses the relationships necessary among the variables mentioned t o  
enable prediction of convective behavior for  an arbi t rary mixing process. 
the prediction of g-sensitivity of convective mixing, f o r  the general case, 
involves analysis of the manner i n  which gravitational forces enter into these 
desired Functions it i s  apparent tha t  a generalized analytical procedure f o r  pre- 
dicting g-sensitivity of t h i s  form of mixing cannot immediately be developed, 
In  v i e w  of this, two approaches t o  the 
first involves a combined experimental P analytical  treatment of the convective 
m u n g  phenomena t o  establish the desired parametric relationships and from them 
a generalized technique for  g-sensitivity prediction, The second may be consid- 
ered as an interim experimental approach for  assessing approximate g-sensitivity 
of currently required hardware which must be designed and developed pr ior  t o  the 
completion of a generalized clnalytical prediction technique. The first approach 
(referred t o  here as the parametric approach) should provide g-sensitivity pre- 
diction criteria of a similar.nature t o  tha t  developed i n  other sections of this  
report, while the second approach (experimental approach) should serve as a %em- 
porary expedient f o r  handling more immediate problems of g-sensitivity assessment. 

Since 

roblem are suggested at th i s  time, The 

'The parametric approach, as envisioned, includes a series of mixing eqer i -  
ments at  various simulated g-levels, designed t o  examine i n  a systematic manner 
the variables of figure 21. 
preselection of appropriate density solutes and solvents. 
would be directed and supported by dimensional analysis and by direct  analytical. 
treatment of the  variables where possible. 
into the analysis by use of the settling equations developed i n  the  section on 
Solids Control by G a s  Flow. 
empirical parametric relationships from which the effect  of gravity on the over- 
all convective mixing process could be determined, 

Gravity variations may be simulated at  one-g by 
The experimentation 

Gravity effects would be brought 

The expected results would be a set of par t ia l ly  

Pending the avai labi l i ty  of such relationships, it i s  f e l t  that  g-sensitivity 
of a specific convection mixing process can be detected fo r  a particular compo- 
nent o r  subsystem configuration by a series of tests at one-g. This experimen- 
t a l  approach involves basically a series of m i x i n g  tests w i t h  the  actual hardware 
(or  a f'ull scale model) oriented at various angles with respect t o  the gravity 
force vector. 

A s  the  gravity force is  directional, it is  t o  be expected that i t s  effect, i f  
Thus, a detect- any, on a mixing process would have directional characteristics. 

able gravity effect  on an overall m i x i n g  process would be evidenced by loca l  
mixing rate sensi t ivi ty  t o  component orientation, 
t h a t  these local  mixing rate variations with orientation would be most pronounced 
between the top and bottom of the  mixing vessel. 
cess w e r e  initiated i n  a container and the local  solute concentration change rate 
monitored at  a point near the container bottom; and if  the container were then 
inverted, the mixing process re-init iated i n  an identical  manner, and the local  
concentration change rate again monitored a t  the same location, which would be at 
the top; then identical  concentration change rates would indicate g-insensitivity 
along the  ver t ical  axis i n  the vicini ty  of the measurement. Conversely, a signi- 
ficant difference between the concentration change rates would indicate gravity 
dependence, 
orthogonal diameters of the container, should permit detection of g-sensitivity 
of the gross mixing process within the container. 

It m i g h t  f'urther be expected 

For example, if  a mixing pro- 

Repetition of these experiments, using points at  opposite ends of 
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In  the case of spherical containers the selection of a particular se t  of 
orthogonal axes is unimportant, however, fo r  containers differing appreciably 
from the spherical shape, or  having projections, such that  portions of the sol- 
vent are  not i n  the principal convective current paths of the container, special 
consideration should be given t o  selection of the axes. This is due t o  the 
potentially greater susceptibility of' such "isolated" regions, o r  irregular 
shapes, t o  g-sensitivity of mixing. In general, one of the selected axes should 
span the greatest solvent dimension, while other axes should pass through extend- 
ed or "isolated" solvent regions should they exist. As this may involve measure- 
ment points i n  additjlon t o  the ones on the three orthogonal axes, Judgement must 
be exercised i n  their  selection t o  mfnimize the overall task without sacrificing 
validity of the results. 

I /  

I n  the design of a system involving a required fluid mixing process, it is  
necessary t o  consider a desired or acceptable mixing rate. As mixing processes 
are theoretically never camplete, t h i s  implies specifying a time period within 
which a certain m i x i n g  level, o r  percentage of complete mixing is  reached. For 
a particular case, compliaace with t h i s  acceptable m i x i n g  c r i t e r i a  may be deter- 
mined by prediction or  actual mixing r a t e  measurements. Gravity sensi t ivi ty  of 
a mixing process thus refers t o  variations i n  the mixing rate  due t o  variations 
i n  the applied gravity field.  If a change i n  the gravity f i e l d  can reduce the 
m i x i n g  ra te  below a specified acceptable level, then t h i s  g-sensitivity may be 
unacceptable; while changes above the c r i t i c a l  level, though they result  i n  
significant g-sensitivity, may be unimportant t o  the designer. Consequently, it 
is  desired, not only t o  detect m i x i n g  g-sensitivity, but also t o  determine the 
likelihood of a decrease i n  the m i x i n g  rate below a desired level  due t o  i t s  
g - sensi t ivi t  y. 

As the concentration change rate measurements pruposed fo r  t h i s  "experimental 
approach'* are actually local  m i x i n g  r a t e  histories, any significant difference 
obsgved fo r  a given location, between i ts  top and bottom orientations, provides 
a semi-quantitative measure of the g-sensitivity of the mixing process. Further- 
more, by comparing these local  mixing ra te  histories t o  the desired or acceptable 
mixing rate, an assessment may be made as t o  the acceptability of the g-sensiti- 
vity. In general, i f  all the local  solute concentration measurements taken at  a 
given g-level reach the acceptable range with the required mixing time period and 
remain within that range, then it can be assumed that the overall mixing process 
w i l l  also be acceptable a t  reduced g-levels. It is possible t o  conceive of a 
specially configured container having an auxiliary convection mechanism which 
would violate t h i s  rule; however, it would probably require a design directed 
toward that purpose and the chance of i t s  being encountered i n  practice is highly 
unlikely. 

Mechanical Device Operation 

With regard t o  g-sensitivity, mechanical device operation may be considered 
from two aspects. One is concerned with 
lubricants, while the other involves the 
hardware items . 

The general 
practically all 
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f luid mechanics problems 
phases of the control of 

the effects i f  gravitational forces on 
effects of these forces on actual 

of lubricating machinery involve 
l iqu ids  with the possible addition of 



the  control of semi-solids such as greases and particulate solid materials such 
as graphite and molybdenum disulphide. For machinery such as that  used i n  the  
ILSS, the general l iquid handling problems are, however, avoided because no ” 

appreciable s ize  reservoir and feed system i s  provided. 
problem is  basically one of maintaining a film of lubricant throughout a required 
region, the film having a thickness of capillary dimension or  less. 
of g-sensitivity thus becomes a comparison of capillary or surface tension forces 
with the f luid weight. 
such a s i z e  as t o  m a k e  the  capillary forces very much greater than the weight 
forces, and the relationships f o r  computing these forces were presented i n  the 
section t i t l e d ,  Liquid Behavior Control by Capillarity. 

1 
The f lu id  mechanics 

Assessment’ 

Film thicknesses i n  these lubrication situations are of 

1 

I 

1 

1 

“3 
L t L  

A ccmrprehensive study of the g-sensitivity of lubrication systems would 
include a l l  of the earlier l i q u i d  control methods discussed i n  th i s  volume O f  the 
final report plus some extension of that  work into canbined effects  t o  deal w i t h  
possibi l i t ies  such as centrifugation t o  clear the foam from lubricating oils.  
I n  addition, the heat transfer problems of lubrication systems can be handled by 
the methods developed i n  the section on Heat Transfer Between Fluids and Solids. 

Forces acting on the hardware elements or  components may include electr ical ,  
mechanical, manual, iner t ia l ,  weight, and f lu id  pressure. Assessment of g-sensi- 
t i v l t y  involves a comparison of the i t e m  weight w i t h  the other forces present. 
I n  general, th i s  i s  a straight-forward analysis w i t h  required force vectors being 
available o r  readily obtained by computation o r  measurement. Where necessary 
force information is  inaccessible, as may be the case for  sealed control devices 
o r  items involving unusually complex motions, an approximate assessment of 
g-sensit ivity may be obtained experimentally by measuring performance changes 
which may occur as the  result of orientation changes durihg operation i n  one-g. 
The approach is  related t o  tha t  suggested i n  an earlier section f o r  the experi- 
mental assessment of gravity effects on fluid mixing. In  the mechanical device 
case, however, t h e  number and selection of preferred test orientations is  a 
judgement problem based on knowledge of the item’s operation, primarily its 
motions and force directions. I n  general, the magnitude of the performance 
change due t o  reorientation w i l l  be direct ly  related t o  the g-sensitivity of 
the item. 

Flame Propagation 

The propagation of flames is a very c q l e x  physical and chemical process. 
Fortunately, however, almost all of the  elemental processes involved are nearly 
unaffected by gravity. The one outstanding exception is  the natural or  bouyant 
convection which gives flames t h e i r  characterist ic shape. The hot products of 
combustion and the other gases nearby are very much less dense than the surround- 
ing gas, and are therefore strongly propelled away from the gravitational p u l l  
of an attracting body such as the earth, or  i n  the direction of any general 
l inear  acceleration of the system under consideration. G a s  vd.ocities ranging 
up into the turbulent flow region may be created by t h i s  bouyant ventilation 
process. Ventilation may also be and i n  many pract ical  cases i s  forced by an 
agency not direct ly  related t o  or  controlled by the flame, such as a fan o r  a 
motion of the flame holder. 
either bouyant o r  forced ventilation. 

The effect  on the  flame i s  roughly similar f o r  
It is not identical, but the similari ty 



i s  sufficient so that w e  may here appropriately consider how the ventilatAon 
affects the flame, 

The elwentary processes of combustion may be classified as pertaining t o  
either the release and absorption of heat, or  the  transport of heat and ma~s. 
The heat release and absorption phenomena such as the oxidation/reduction 
chemistry; the pertinent chain reactions; molecular dissociation; and specific 
and la tent  heats of the substances involved may be largely disregarded as 
g-insensitive i n  themselves although they can of course be affected by other 
processes which are g-sensitive. 
processes. 

Such sensi t ivi ty  does appear i n  the transport 

From consideration of the  heat balance of a flame it is clear that  the  heat 
released by the chemical reaction goes i n i t i a l l y  into changing the temperature 
and the chemical and physical. s ta tes  of the materials involved i n  t h a t  reaction 
A part  of t h i s  heat, known as t h e  net heat release, i s  quickly transported away 
from the flame by radiation, conduction and convection, and f o r  highly flammable 
materials th i s  i s  the major part of the  heat. It appears t h a t  fo r  combustion t o  
occur and continue, the mass transport must carry fuel and oxidant t o  the flame 
fast  enough so t ha t  the  heat released can maintain the  temperature above the 
ignit ion point despite the cooling effects  of the heat transport. The g-sensi- 
t i v i t y  of heat transport phenomena i s  considered i n  the section, Heat Transfer 
Between Fluids and Solids; and of mass transport i n  the following three sections, 
particularly the section on Fluid Mixing. Numerical results derived fmm 
relations such as are presented i n  those sections w i l l  lead t o  the conclusion 
that  most of the heat and mass transported t o  and from flames is transported by 
convection. 
normal gravity. 

This applies at least t o  typical flames an inch o r  more high i n  

Considering the  interplay of t he  effects of heat and mass transport, it can 
be seen t h a t  interference w i t h  the mass transport can reduce the heat release 
r a t e  and therefore the heat transport. 
ported away from the  flame, however, w i l l  not be able t o  do so without inter-  
ference wi th  the mass transport. 
basis, f o r  w i t h  the temperature high enough f o r  combustion, the fue l  and oxidant 
w i l l  combine and release heat as they arrive a t  the flame zone, raising the t e m -  
perature u n t i l  the heat i s  carried away as fast as it i s  released. 

Direct attempts t o  reduce the heat trans- 

A t  least th i s  w i l l  be t rue on a steady state 

Changes i n  the amount of ventilation can change the rate of heat release i n  
rather involved ways, as f o r  instance i n  the blowing out of a match. 
case the ventilation carries the hot gases away from the fuel, interfering w i t h  
the mass transport t o  the flame zone because of the l i m i t e d  flame speed. 
absence of ventilation, however, it seems inevitable that combustion must be 
re la t ive ly  slow, f o r  convection can move masses much far ther  and faster than 
diffusion. 
absence of ventilation, fo r  t h i s  absence also reduces the heat loss  rate, and 
the flame zone may stay suitably hot even with the low rate of heat release, 

I n  t h i s  

I n  the 

This does not mean tha t  flames cannot burn and propagate i n  the 

~ .*/ 

1 
i 

i 

There is analytical  and some experimental evidence tha t  flames can burn i n  
the absence of both forced and bouyant ventilation, but this  may be possible 
only i n  a transient condition, There appears t o  be some logic t o  the concept 
that the  diffusion of oxygen t o  a flame under completely quiescent conditions 



must be obstructed by the outwardly mving products of canbustion, and that the 
obstruction must e v e n t u w  became so effective that conduction and radiation 
w i l l  cool the flame zone t o  such an extent that the chemical reaction rate drops 
below some c r i t i c a l  minimum. 

Summarizing the various factors mentioned above the combustion picture may 
be roughly represented by the following table: 

Ventilation Effect 
Zero Slow bwning/probably transient 
L O W  Faster burning/increasing w i t h  ventilation 
H i g h  Rapid burning/flame ins tab i l i ty  approaching 
Blow out Flame carried away. 

In the absence of forced ventilation, flames an inch or more high, burning 
i n  nom& gravity, are i n  the low t o  high ventilation region, and the condition 
i s  self-stabil izing because as the ventilation approaches the blow out condition 
the decrease i n  heat release rate reduces the ventilation. The ventilation 
velocity associated w i t h  such flames has been approximately assessed by experi- 
ments on small highly flammable specimens. 
paper about two inches high were burned i n  a small wind tunnel w i t h  downward 
ventilation. 
ventilation velocit ies of the order of one o r  two feet per second, the flame 
propagated downward as fast as upward. 
by moving a burning match or  candle upward i n  s t i l l  air at a velocity which 
gives the flame approxhate symmetry about a horizontal plane. The outer mantle 
of hot gases surrounding such a flame burning i n  the absence of forced ventila- 
t ion  i s  moving upward a t  about the one foot per second velocity, but the  central 
core of very hot gas moves faster. The results are not highly accurate, but 
they strongly indicate that  i n  the absence of gravity a forced ventilation rate 
of one or two fee t  per second w i l l  allow or cause flames t o  propagate i n  the 
direction of ventilation about as they would propagate upward i n  normal gravity 
without forced ventilation. 

Pieces of paper towelling and f i l t e r  

The specimens were ignited i n  the middle and it w a s  found that a t  

These results may be roughly verified 



CONCrUSIONS AND HECOMME2llXTIONS 

(1) The majority of processes i n  the IISS, and probab within l i fe  suppo'kit 
systems i n  general, are of such a nature tha t  their  g-sensit ivit ies can be 
sat isfactor i ly  assessed by analyses. 
tes t ing of specific USS processes. 

This precludes the need f o r  extensive 

(2) O f  the 92 ILSS processes investigated, 69 of which were found t o  have 
some degree of g-sensitivity, all but four were eliminated as possible t e s t  
candidates by analyses and other screening processes. 
the analyses performed were based upon assumptions and basic data which them- 
selves were considered t o  warrant experimental verification. 
ing lLsS processes represented liquid-mixing and flame propagation phenomena, 
while the analytical  problem areas included liquid droplet release, heat 
exchanger passage plugging, and l iqu id  f i l m  s tabi l i ty .  

I n  certain cases, however, 

The four remain- 

(3) From consideration of the ultimate value of a possible test program it 
is concluded that the greatest benefit can be realized from experbentation t o  
validate and support the analytical problem areas. The U S  processes of liquid- 
mixing and flame propagation are f e l t  t o  be of less value, as future l i f e  support 
system designs are expected t o  appreciably reduce o r  eliminate the importance of 
their  g-sensitivities. 

(4) As a consequence of (1) above, it is important that  analytical techni- 
ques for  determining g-sensitivity be included as an integral  par t  of space 
vehicle design analysis. The Gravity Sensit ivity Prediction Criteria while 
based on certain general processes found t o  be represented i n  the ILSS, should 
provide useful analytical  tools  and relationships fo r  t h i s  purpose. 
Prediction Criteria are considered as a first step or phase i n  the  development 
of a "Handbook" which could be extended eventually t o  include essentially all 
processes common t o  anticipated f'uture space systems. 

These 

(5) It is recammended that experimentation be performed t o  v e r i e  the 
assumptions and basic data used i n  the screening analyses. 
recommended that the Prediction Criteria be further developed and expanded into 
a "Handbook" and that  it incorporate the resul ts  of the verification experimen- 
tation. 

It is  also 



APPETBIX - F M E  PROPAGATION PBELDIINARY EXPERIMENTATIOIJ 

During the evaluation of methods f o r  possible flame propagation testing, 
the requirement f o r  additional data, of an experimental natxre, became evident. 
The sens i t iv i ty  of 1017-g test  costs t o  the duration of the low-i: t e s t  period 
dictated a need t o  knov approximate burning r a t e s  of the materials t o  be con- 
sidered. 
pagation process appeared worthy of investigation, I n  addition it was f e l t  
t ha t  cer ta in  c r i t i c a l  techniques and instrumentation methods should be ver i f ied 
pr ior  t o  fur ther  consideration. A s  ;x. consequence, two types of preliminary 
experiments were performed, The first was essent ia l ly  a screening t e s t  of ILSS 
and other f l m a b l e s ,  i n  which ignition and flame s tab i l iza t ion  times were 
determined i n  one-g. The second involved combustion tes t ing  of selected materi- 
a l s  eqosed t o  a controllable downward ventilation. 
fabricated and tested, as  vas an elementary low velocity wind tunnel. 
mounting techniques and data recording methods were examined. 
described below, 

The poss ib i l i t y  of simulating a low-g environment for  the flame pro- 

An arc-spark ign i tor  was 

The tes t ing  i s  
Specimen 

One-G Material Screening Tests 

Silicone o i l ,  DC33l.- This l iquid i s  used i n  the ILSS i n  some quantity f o r  
heat t ransfer  at  ra ther  high temperatures. 
investigated by pouring about 20 cc in to  a l i g h t  porcelain dish which was heated 
from below with a bunsen burner. 
over the top of the l iquid u n t i l  it ignited. 
t h i r t y  seconds of heating, 
nearly died.  The heater was replaced. The flame grew, The heater ~7as removed, 
The flame died.  The ash 
volume remaining i n  the  d i s h  considerably exceeded the or iginal  DC331 volume. 
Ash blisters were formed on the sides of the dish, indicating tha t  the ash skin 
can be nearly gas t igh t .  

Its combustibility was b r i e f ly  

A so f t  gas f l m e  was intermit tent ly  played 
Igni t ion occurred after a,bout 

The flame The heating burner was t'nen removed. 

The flame had been smoky w i t h  s m a l l  pieces of soot. 

Propylene glycol.- This is  used i n  the ILSS, but mixed w i t h  three pa r t s  of 
water. 
with the mix survived about s ix ty  seconds i n  the bunsen burner before the flame 
would persist a f t e r  the ign i te r  was removed. 
i n  a small beaker as  shown below, 

The flammability of the  mixture was investigated. A paper towel. w e t  

About 40 cc vas then checked out 

IGNITOR 

cc GLYCOL 
cc H21) 



The sample wa6 heated gently ahout fif teen minutes, boiling away about o q -  

escaping gas: 
q h a ,  The temperature indicated rose f'rm 102% t o  lOi'QC, The steam or  

before ten minutes, extinguished the  igniter; 

after twelve minutes, busned when mixed with 
igni ter  gas; 

after fifteen minutes, burned and continued &er 
the  igniter flame was removed, 

Just after fifteen minutes the fire was extinguished and fifteen cc of the 
mix was cooled and weighed, giving a density of 1.024 g/cc at abGNt 25OC, 
which represents a mixture of about two par t s  glycol t o  one water, 

O f  the ILSS liquids, only E331 can be considered as a f i re  hazard, No 
appreciable quantity of lubricating o i l  is  on board, and the propylene glycol 
is so diluted with water that it is more a fire extinguisher than a fuel,  
The DC331, however, burns vigorously if hot enough and i s  used at temperatures 
near enough t o  i t s  (4209)  flash point so that  it is reasonably conceivable 
tha t  l oca l  overheating of the  system could simultaneously cause a leak and 
preheat and igni te  the oil, The g-sensitivity of such combustion, or, more 
exactb, the relationsliip between gravity and ventilation effects could 
conceivab2y be evaluated by careful analysis and test. The analysis, t 0  some 
degree, and the testing, t o  a very considerable degree, would, however, be 
hampered by %he nature of the me1 i n  question, and it ,is f e l t  that  a 
surrogate fie1 (e.g. ethyl alcohol o r  normal pentane) would be more suitable. 
A clean burning l i q u i d  could be selected i n  order t o  prevent obscuring the 
pictures of the f ire w i t h  smoke, and th i s  l iquid could have a room temperature 
f l a sh  point eliminating the serious difficult ies of maintaining a test 
chynber, and probably an entdre test  capsule, at a considerably elevated 
uniform temperature, say 450 F. The surrogate l iquid also could be one on 
which appreciable analytical  and experimental work has been done, which 
would provide invaluable analytical  and experimental background data, 

Solid fuels. - Specbens f o r  test (certain p las t ics  plus structured and 
composite materials) were mostly selected from those listed i n  the memorandum 
"Materials within the IISS" of W c h  10, 1967 fram Kenneth A. C a l d w e l l  t o  
Program Manager, IISS. Most of them were obtained frm the IISS stock at 
Langley Field. 
the memorandum description d i d  not cleazly identify the materid and/or 
because it w a s  not available from I k S  stock. Nine "non-memorandum" speci- 
m e n s  were also tested, 
material," and paper towels and f i l t e r  paper were selected because of their  
ubiquity and the i r  combustion characteristics. 

Not all of the items of the memorandum were tested because 

Seven of these were received frm Langley as "IISS 



Each test spechen w a s  ewosed t o  the flame as sketched below. 

The ignition period started when the 'specimen w a s  inserted into the flame and 
ended when the flame was removed. 
foot controlled e lec t r ic  t b e r  and a stopwatch. 
Tableu, The general pertinent result i s  that the materials are rather hwd 
or  at least slow t o  ignite, and therefore t h a t  only the most flarmnable of the 
IUS materials can y ie ld  usef'ul information i n  a reasonably economical zero-g 
drop test  program. 

The timing of events w a s  recorded by a 
The results are shown i n  

An arc ignitor was constructed f o r  further material screening and as an 
ignition means of a type which would be useful i n  low gravity drop testing. 
An e lec t r ica l  schematic and a sketch of the  ignitor electrode assembly are 
shown i n  Figure10. 
graphite center electrode. 
with certain materials are shown i n  Table XI., 

The arc  fires more or  less concentrically wound the 
The resul ts  of firing t h i s  ignitor i n  contact 

Considering the results of the burner and arc ignition tests, the follow- 
ing solid materials were selected as candidates for further exrperimentation. 

Description 

Paper Tag 

Paper Masking Tape 
Paper Towel 
F i l t e r  Paper 
Polyethylene Sheet 

String 

(10 Mil) 

Material Approx. Ignition 
(See Tables Delay (secs.) 
2.0 a n a u )  

L O  
0.5 
0.8 
1.0 
1.0 
1.0 
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115 V/60 C P S  

S1 ON/OFF 

s 2  FIRING PLASTIC HOS 
s3 CHARGE /DISCH 'G 
s4 SAFETY GAG 

T i  
T2 
T3 IGNITION COIL - 1 2 V  

PENCIL ''LEAD" 
800V RMS (A/B) - 200 MADC 
300V RMS - 0 . 5 A  PEAK 

ARC 

ELECTRODE 
ASSEMBLY 

A L L  DIODES ARE IN547 

CH 400 T #24CU ON 1 0  MM GLASS TUBE (G 8OpH) 

Figure 22.- Arc Ignitor Schematic 
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$ 1  Wind Tunnel Combustion Experiments 

D0wnwm-d ventilation wind tunnel experiments were performed t o  investigate 
the possibi l i ty  of simulating low-g combustion by cancelling the gravity 
induced bouyant convection with a forced down draf t ;  t o  examine certain c f l t i ca l  
test techniques; and t o  obtain additional indicationg of low-g burning rates, 

Procedure,- A small experimentxi3 ver t ica l  wind tunnel, shown i n  figure 23, 
was set up t o  provide controlled low turbulence ventilation f o r  the test 
specimens. 
ranged i n  s ize  from thread diameters t o  two inch circles  of paper towel and 
f i l t e r  paper. 
created by roan turbulence and provided adgustable low levels of downward 
ventilation, 
test section and a water manometer. 
spark or  arc  (see figure 24) and the burning was monitored by a motion picture 
camera running at  normal speed. 
frame measurements of the mgtion pictures, 
approximately 14.5 psia, 75 F. 
2.7 fee t  per second downward. 

The throat of the tunnel i s  f ive inches square and the specimens 

The tunnel shielded the specimen from random ventilation 

Ventilation rates  were determined by an or i f ice  plate below the 
Specimens were ignited by an e lec t r ic  

Burning rates were determined from frame-by- 
A l l  tests were run i n  air a t  

i Ventilation levels ranged from zero t o  about 

f 

The following materials, *ich include four of the above l isted IISS 
materials, were tested. 
were replaced with thread, insulated wire, and the  l iQuids ethyl alcohol and 
ether, as these appeared t o  be more promising candidates fo r  eventual drop 

The IISS paper tag str ing and polyethylene sheet 

testing . 1 
1 

Fil ter  Paper (ED 613 Ashless) (No. 59)’ 

Paper Towel (Crcrwn Zellerbach No. 015) 
* 

I 

I 
Paper Masking Tape (No. 2OC) 

Paper Tag (No, 27B) 

Tkread , . . No. 50 Mercerized Cotton (pink) 

Ethyl Alcohol 

Ethyl Ether 

Insulated Wire 

Thread screening t e s t s  were made before the wind tunnel experiments i n  
order t o  select  a suitably fast burning material. Different spools of thread 
which,  except f o r  color, were apparently similar had marke&&y different burn- 
ing rates. 
flame propagation. 
tests , 

It is not known whether the dye has any appreciable bearing on the 
The fastest burning thread w a s  selected f o r  the tunnel 

I I J 



Figure 23. Vertical Wind Tunnel 
139 
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Figure 24. Ignition Arrangement 
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Results,- Figures 25 through 35 present data f ran the motion pictures 
of burning paper specimens. They represent Flarme Prqagatloq moasured by txe 
movement of the first darkening of the paper apparently due t o  the heat of 
the advancing flame. 
tests are aU nearly ver t ica l  downward and are the mean velocity in  the 
unobstructed tunnel throat. 

The ventilation rates  reported here and fo r  the other 
. 

The masking tape burned approximately as fast as the paper, but it was not 
found usem fo r  our purposes and no flame propagation rate is reported here. 
The vis ible  surface darkened gradually during the burning with no apparent 
dark edge advancing across the tape. 

The paper tag flame propagation is not reported graphically here because, 
although the tag burned progressively, it burned so slowly (about 20 secs/inch) 
as t o  be of l i t t l e  u t i l i t y  fo r  drop testing. 

Figure 36 presents the da ta  from the burning of Number 50 mercerized 
I n  th i s  case the advancing edge of the flame was used t o  cotton thread, 

t race the ra te  of propagation. 
the flame was shaped l ike  a small egg that travelled along it. 

The various solid fuels mentioned above were aU ignited by electrical. 
arcs generated by the arc ignitor system devellaped for  the ea r l i e r  work. The 
voltage on the capacitor bank and the series res is tor  value were i n  each case 
adjusted t o  a value near the minirmun required for ignition. 
mechanical effects  of the arc were, however, mrec iab le ,  and they persisted 
fo r  times ranging from about 1/4 second t o  over one second. 
roughly represented on each chart by the time elapsed before any points 
appear. 

The thread was lrpproximately horizontal and 

The thermal/ 

This period is 

The same arc source was used t o  ignite ethyl alcohol droplets suspended 
near the end of a mall glass pipette, but the thermal disturbance generated 
was so appreciable and indeterminate that the resul ts  were f e l t  t o  be of l i t t l e  
value. 
the arc ignitor w a s  adjusted t o  create only sparks, but w i t h  t h i s  it w a s  Pound 
that the alcohol droplzts would rarely ignite from ambient air conditions. 
Medical grade ethyl ether droplets, however, ignited consistently with the 
spark and burned rapidly. 
Here the length times the diameter of the dmplet (see also figure 38) i s  
plotted against time. 
as the droplet burns away, but does not approach zero because the last remnant 
film of ether enclosed (was Wr;apped around) the finite approximately 
cylindrical neck of the suspending pipette. 

Burning rates were therefore not computed. To correct t h i s  condition 

The ether cambustion rates  are reported i n  figure 37. 

This product (sa. mm.) starts Frcan a maximum and decreases 

Mscussion.- The generally e r ra t ic  characteristics of flame propagation are 
qparent-fram a review of the t e s t  results. 
discernible. 
than the burning of the paper towels. 
such as variations i n  moisture content, arc carry-over effects, configuration 
differences, etc., is not considered necessary. 
that the f i l t e r  paper is carefully controlled during its manufacture and is  
intended t o  be burned. 

Same organized effects are, however, 
The burning of the f i l t e r  paper is more consistent and regular 

A ccezrplete xeview of possible causes, 

It does seem pertinent, however, 
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Figure 36.- Flame Propagation Test Data 
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Figure 37,- Flame Propagation Tes t  k t a  
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The upward burning rate of the vertical filter paper samples approxima%es 
0.27 inches per second and is l i t t l e  affected by the rates of downward venti- 
la t ion used i n  this experimentation. 
the early stages, the flame seems t o  propagate downwasd on ver t ica l  specimens 
or  sideways on horizontal specimens at  about .02 inches per second. 
rate is  considerably increased by downward ventilation and may approximate 
what would be found i n  the zero-gravity/zero-ventilation condition. 

Considering the ruughly 1/4 inch per second upward burning rate of the  
f i l t e r  paper as a standard for  comparison, this burning rate i s  approximately 
equalled.in the horizontal direction by a one foot per second downward venti- 
lation, and i n  the downward direction by a 2-1/2 f%/per second downward venti- 
lation. Also, f o r  the rather erratic paper towel results, about 1/2 ft /per 
second ventilation appears t o  inhibit or slow down the upward burning quite 
appreciably. 
between normal g-convection and a ventilation rate approxlmating 2 ft /per 
second. 
drop tests the principal attention should be given t o  ventilation velocit ies 
below this figure, with less emphasis on stronger forced convection. In  addi- 
tion, the ventilated flame propagation downward appears t o  stabilize i n  2 o r  3 
seconds, which implies the eventual need for  a t  least a 4 second drop test  
faci l i ty .  

Without ventilation, and at  least i n  

This 

There seems fo r  these specimens t o  be some rough equivalence 

The eqpivalence is  very approximate, but it indicates that  fo r  the 

The mercerized cotton thread promises t o  provide very useful experimental 
data on flame propagation i n  or  near the zero-gravity/zero-ventilation condi- 
tion. 
appears t o  stabil ize so quickly that a 1-1/2 second drop test  should provide 
usef'ul information. The s m a l l  egg-shaped flame, at tlmes, became essentially 
symmetrical about the horizontal thread axis with the .45 ft/second downward 
ventilation. The 1.3 ft/second distorted the flame downward. The appearance 
of the flame and i t s  relatively steady motion appear t o  indicate that diffusion 
can indeed support combustion and it is  believed that drop tests of burning 
threads would provide very useful experimental evaluation or extension of the 
combustion analyses. 

It ignites easily and burns rapidly and consistently, and the flame rate 

The combustion of Liquid droplets has received considerable study i n  the 
past two decades, as was pointed out i n  the section on Flame Propagation i n  the 
ILSS. The d a t a  reported here i n  figure 37 is  comparable w i t h  the "K" factor or  
evaporation constant mentioned i n  that section, but not directly. 
from that section: 

RepealZng 

d 
d t  K = - (@), and the results of certain experiments were reported there 

as K i n  &/second. Figure 37 shows LD i n  d. The slope of the LD 
versus time curves is  about 1.4 m2 per second, which is  nearly comparable t o  
the data reported i n  the Tes t  Methods Evaluation section, but a correction must 
be made f o r  the characteristics of the liquid and possibly fo r  heat loss t o  the 
support. The burning rate appears t o  stabil ize quite quickly, and, although 
that  appearance may be an accident of the geometry o f ~ t h e  droplet support, it 
is  believed that 2 seconds of free f a l l  would suffice f o r  the zero-g testing. 
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Test  Nethods Demlopment.- C s and t e s t  methods 
s fo r  possible 
gue does not 

dev6hped for  the preutminary exp 
g-sensit ivity teating, though the 
sat isfactor i ly  simulate low-g. Significant d features are 
described below. 

The use of motion pictures fo r  recording data is by no means new, but two 
features of Its application here are worth mentioning. Data reduction from 
such pictures can be quite time consuming, but the reason i s  often that more 
information is  available from them than was expected. On the other hand, the 
dimensional scale can be quite puzzling and sane well known reference should 
be included in  the picture whenever practicable. 

this tes t ing but are not recamended for  the drop testing. A peripheral set  
of spring clips, each having one jaw r ig id ly  mounted would provide more 
accurate and convenient support. Msturbance of the t e s t  environment by the 
sudden cancellation of gravity forces at capsule release must be minimized i n  
such designs. 

ing of the droplet was indefinite, the actual droplet volume and area were 
problematical,, and the heat transfer along the support may have been appreciable. 
Two glass or qyartz fibers arrsnged like optical  cross-hairs w i t h  the spark 
electrodes mounted in or near the third orthogonal axis should greatly reduce 
these difficulties . 

Holders for  the paper test specimens (figure 24) were satisfactory fo r  

The l iqy id  droplet support was onfgmarginally satisfactory. The position- 

The glass pipette support fo r  the thread worked aut very nicely. Gravity, 
The however, deflects a cantilevered inch of the thread quite appreciably. 

effect  is, of course, greatly reduced with a shorter projection, or  could be 
eliminated by ver t ica l  orientation. 

The "Arc Ignitor" was a most useful genek l  purpose tool, however only a 
part of this system w o u l d  need to be included i n  a drop capsule for  reduced 
gravity testing. 
i n  the capsule and charged by a ground supporl; system which would be discon- 
nected before capsule release. 
drop by a capsule-borne spark generator. 

(top of & i n  the schanatic, figure 22). The 500 picofared condenser was 
disconnected t o  reduce the meehanical disturbance caused by the spark. 
the more quiet discharge (without 500 pf condenser) provided more reliable 
ignition. 

A suitable c q a c i t o r  bank, fo r  example, could be mounted 

The arc  oould then be ini t ia ted during the 

The ether droplets were ignited by a spark fra the automotive ignition co i l  

AlEO, 

An extension of the arc ignitor was used fo r  sane exploratory tes t ing on 
the inflammation of insulated w i r e s .  
transformer was connected direct ly  across the capacitor bank through an auto- 
mobile started switch. Wire specimens about an inch long were connected 

For this, the primary of a s m a l l  welding 

e 



direct ly  across the transformer secondary'. 
are: 

The transformer chwacter is t ics  

Secondcuy 5 Turns No. 2 

Weight 5.8 pounds 

Operation of the system indicated tha t  a larger transformer might provide 
appreciably more energy transfer, but the device used heated short  wires quite 
effectively despite an overall efficiency that ranged down toward ten  percent 
at high capacitor bank voltage (approximately 450.V). Mnnber eighteen copper 
wire or  smaller could be heated very guickly t o  any temperature up t o  and 
including "burnout". No measurements of heating ra t e  were made, but visually 
it appeared instantaneous and calculations point t o  the millisecond region. 
This surge heating of a bare w i r e  t o  incandescence produced a smooth temper- 
ature prof i le  which  appeared nearly uniform a t  first and cooled very quickly 
a t  the ends and somewhat more slowly i n  the middle. 
burned aut i n  the middle. 
ends, but smetbnes i n  the middle, especially if  care w a s  taken t o  make good 
connections and t o  minimize the bare end length. 
wire usually d i d  not rupture i t s  insulation. 

Overheated bare wire 
Overheated insulated wire usually burned out at the 

Over heated Teflon insulated 

Combustion checks were run by holding a kitchen m a t c h  flame t o  the insula- 
t i on  and operating the surge heater a t  a voltage leve l  about ten  percent below 
burnout 0 

Teflon insulated No. 22 d id  not burn. 

Iiubber base insulated No. 18 d i d  burn and the 
f i r e  consumed most o f t h e  insulation. 

Wires from "shielded cable" (Material Number ll) 
burned and the fire consumed most of the insulation. 

I The useful bearing of th i s  work on possible g-sensitivity testing i s  felt  
t o  be that, for insulated wire testing, means are available f o r  controlled 
heating of the conductors so F i c k l y  as t o  occupy no significant fraction of 
the drop time. 
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COIWAIR DIVISIOH 

J. C. B a l l l a g e r ,  G. B. Wood, and J. R. Burnett, February 1966. 

T h i s  rrtdlg vs13 conducted in order t o  define the zero gravity capabili t ies 
of the l l f e  support components and processes contsined in the Langley 
Research Center Integrated Life Support System (ILSS) . 

GEBIERAL DYAHMICS, FIBlAL TECHNICAL REPOKC, STUDY aF ZERO 
GRAVTE CAPABILRXES UE' LIFE suppoI1T SYSTEM C(lMPOHEIOTS AWD PRd%BSES, b Y 

PrimSry empha8is was plaeed on three msjor taaka: 

(1) The identification and analysis of gravity-sensitivities Inherent 
in the performance of the ILSS caqonente and processes; 

(2) The investigation of methods fo r  experimentally evaluating those 
c r i t i c a l  i t e m  f o r  which zero gravity performance could not be 
adequately determlned by analytical techniqms. 

The formulation of generalized c r i t e r i a  fo r  assessing the gravity- 
sensi t ivi ty  of alternate or advanced l i f e  support system processes 
aa well ss thoee o r ig ind ly  Incorporated in the USS. 

(3) 
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